UNCLASSIFIED 

Sgguftirv  CTS5lglCATi5N  "<y  TMOSgr 


«  AD-A218  856  I* 


pn  ^  eopv 


FOR  REPRODUCTION  PURPOSES 


DOCUMENTATION  PAGE 


4.  PERFORMING  ORGANIZATION 


1b.  (RESTRICTIVE  MARKINGS 


1 .  OcSUMUTION/  AVAILAMJTY  OF  REPORT 

Approved  for  public  release; 
distribution  unlimited. 


m 


S.  MOMTORING  ORGANIZATION  REPORT  NUMBERiS) 

Ado 


6a.  NAME  OF  PERFORMING  ORGANIZATION 

Duke  Univesity 


60  OFFICE  SYMBOL 
(tf  appAeabNJ 


7a.  MAME  OF  MONITORING  ORGANIZATION 
U.  S.  Army  Research  Office 


6c  ADDRESS  (Cry.  Star*.  andZIPCodaJ 

Durham,  North  Carolina,  27706 


7b  ADORESS  (Crty,  Seaw,  and  ZIP  Code; 

?.  0.  Box  12211 
Research  Triangle  Park,  NC 


27709-2211 


8a.  NAME  OF  FUNDING  /SPONSORMG 
ORGANIZATION 

U.  S.  Army  Research  Office 


8b.  OFFICE  SYMBOL 

9t  aflp Jieabla) 


9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

QAAL03-88-C-0014 


8c  ADDRESS  (Crty,  Start,  tnd  ZIP  Coda) 

P.  0.  Box  12211 


10.  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM  • 

PROJECT 

TASK 

Park,  NC  27709-2211 

ELEMENT  MO. 

NO. 

NO. 

1 1 .  TITLE  ( Incluov  Security  OaxsAcaOonl 

FREQUENCY  DOMAIN  TECHNIQUES  FOR  ANALYZING  PICOSECOND  OPTICAL  PULSES 


12.  PERSONAL  AUTHOR(S) 

John  C.  Swartz,  Bob  D.  Guenther,  Frank  C.  De  Lucia 

■  . .  1  — . . .  ■■■■■'  ■"  "  i'  . . .  1  11 


13a.  TYPE  OF  REPORT 

Final  Reoort 


13b.  TIME  COVERED 
from  5  /  jL  0  /  8  8to  10/1/1 


|14  DATE  OF  REPORT  Ortar.  Montfi.  Day* 

89  1990,  Februarv,  1 


|I5.  PAGE  COUNT 

87 


16.  SUPPLEMENTARY  NOTATION 


The  view,  opinions  and/or  findings  contained  in  this  report  are  those 


|  17.  COSATI  CODES  1 

FIELD 

GROUP 

SUB-GROUP 

npc-iynarpf 


U.  SUBJECT  TERMS  tConoww  on  mwrm  if  necessary  and  MrnbJy  by  btocfc  rwmoer) 


19.  ABSTRACT  (Continue  on  raven*  if  wtnury  and  identify  by  block  nmmbtr) 

Using  the  techniques  of  Fourier  analysis,  any  periodic  time  domain  function 
will  have  a  unique  frequency  domain  transform.  It  is  therefore  possible  to 
use  frequency  domain  measurements  to  understand  a  time  domain  signal.  Fouried 
analysis  implies  that  picosecond  laser  pulses  would  have  frequency  component^ 
which  range  into  the  microwave  bands. 

The  technique  of  picosecond  demodulation  is  one  way  of  generating  microwaves 
from  laser  pulses.  Picosecond  demodulation  uses  laser  pulsesto  generate  elec-j 
tron  bunches  at  a  photocathode.  The  electron  bunches  are  then  accelerated 
and  radiate  electromagnetic  waves.  Based  on  this  technique  it  is  possible  to 
measure  the  microwave  spectrum  of  a  picosecond  optical  pulse  train. 

i 

This  report  develops  the  theory  of  picosecond  demodulation  and  shows  that  the 
frequency  spectrum  generated  is  related  to  the  F  idrier  transform  of  the  time 

. .  ■■■  ■  *  i  i.  _  —  i  i  I..  . 


20  DISTRIBUTION  /  AVA1LWMUTY  OF  ABSTRACT 

□  UNCIASSIFIEDAINUMITED  □  SAME  AS  RPT.  □  OTIC  USERS 


21.  ABSTRACT  SECURITY  CLASSIFICATION 
Unclassified 


22a.  NAME  OF  RESPONSIBLE  MDIVIOUAi. 


122b  TELEPHONE  0ncfude  Arm  Cot*)  1 22c.  OFFICE  SYMBOL 


B3  APR  admon  may  ba  uwd  unM  exhausted. 
AM  ocher  editions  art  otaaolata. 


SECURITY  CLASSIFCATION  Of  THIS  PAGE 

UBCLASSUTED 


SO  03  06  045 


00  FORM  1473,  BA  mar 


UNCLASSIFIED 


3ZZ 


(19)  Continued , 

.domain  envelope  of  the  laser  pulse  train.  Based  on  the  theoretical  develop¬ 
ment,  a  prototype  device,  called  a  picosecond  demodulator,  has  been  built. 
Using  this  device,  several  experiments  are  reported  which  (a)  verify  the 
theory  of  picosecond  demodulation  and  (b)  demonstrate  that  frequency  domain 
techniques  can  be  used  to  characterize  picosecond  pulses.  TVfcese  results  in¬ 
dicate  that  frequency  domain  techniques  are  easy  and  inexpensive  to  implement 
and  provide  an  accurate  suplement  to  time  domain  measurements  using  auto¬ 
correlators  or  streak  cameras.  /  ,w,.  ^4:  '  L  ***-*-  ,-ix. 


UNCLASSIFIED 


skcuritv  classification  of  this  face 


L- 


FREQUENCY  DOMAIN  TECHNIQUES  FOR 
ANALYZING  PICOSECOND  OPTICAL  PULSES 


Final  Report 


John  C.  Swartz 
Bob  D.  Guenther 
Frank  C.  De  Lucia 


February  1, 1990 


U.S.  Army  Research  Office 
Contract  DAALO3-88-C-O014 

Duke  University 


Approved  for  public  release; 
distribution  unlimited. 


UNCLASSIFIED 


la.  REPORT  SECURITY  CLASSIFICATION 


nnr»i 


2a.  SECURITY  CLASSIFICATION  AUTHORITY 


2b.  OECLASSIFICATION  /  DOWNGRADING  SCHEDU 


4.  PERFORMING  ORGANIZATION  REPORT  NUMSER(S) 


MASTER  COPY 


FOR  REPRODUCTION  PURPOSES 


REPORT  DOCUMENTATION  PAGE 


lb.  RESTRICTIVE  MARKING 


3  DISTRIBUTION  /  AVAILABILITY  OF  REPORT 

Approved  for  public  release; 
distribution  unlimited. 


S.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


6a.  NAME  OF  PERFORMING  ORGANIZATION 

Duke  Univesity 


6b.  OFFICE  SYMBOL 
(If  applicable) 


6c  ADDRESS  (City.  State,  and  ZIP  Cock) 

Durham,  North  Carolina,  27706 


8b.  OFFICE  SYMBOL 
(If  applicable) 


7a.  NAME  OF  MONITORING  ORGANIZATION 
U.  S.  Army  Research  Office 


7b.  ADDRESS  (City,  Stata,  and  ZIP  Coda) 

P.  0.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 


10.  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  MO 


PROJECT 

TASK 

NO. 

NO. 

8a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 

U.  S.  Army  Research  Office 


8c  ADDRESS  (City,  Stata.  and  ZIP  Coda) 

P.  0.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


II.  TITLE  (Induda  Sacurity  Classification) 

FREQUENCY  DOMAIN  TECHNIQUES  FOR  ANALYZING  PICOSECOND  OPTICAL  PULSES 


12  PERSONAL  AUTHOR(S) 

John  C.  Swartz,  Bob  D.  Guenther,  Frank  C.  De  Lucia _ 


13a.  TYPE  OF  REPORT  |13b.  TIME  COVERED  14.  DATE  O 

Final  Report  I  from  67io/88to  10/1/E  9  199 


16.  SUPPLEMENTARY  NOTATION  J  J  .  . .  ,.  .  ,  . 

The  view,  opinions  and/or  findings  contained  in  this  report  are  those 

of, the  author (s) .and  should  not , be .cons trued  asLan  official  Department  of  the  Army  position, 

nnl  i  nr  nr  rtoni  ei  nn  uni  ace  cn  noei  irn  afo/i  Kv  nfhor  nrtrniBPn  1  nn  _ _ 


18.  SUBJECT  TERMS  ( Continua  on  reverse  if  nacassary  and  identify  by  block  number) 


COSATI  CODES 


GROUP  I  SUB-GROUP 


15.  PAGE  COUNT 

87 


19.  ABSTRACT  (Continue  on  reverse  If  nacassary  and  identify  by  block  number) 

Using  the  techniques  of  Fourier  analysis,  any  periodic  tin-  1  main  function  | 
will  have  a  unique  frequency  domain  transform.  It  is  therein  e  possible  to 
use  frequency  domain  measurements  to  understand  a  time  domain  signal.  Fourier 
analysis  implies  that  picosecond  laser  pulses  would  have  frequency  components 
which  range  into  the  microwave  bands. 

The  technique  of  picosecond  demodulation  is  one  way  of  generating  microwaves 
from  laser  pulses.  Picosecond  demodulation  uses  laser  pulsesto  generate  elec¬ 
tron  bunches  at  a  photocathode.  The  electron  bunches  are  then  accelerated 
and  radiate  electromagnetic  waves.  Based  on  this  technique  it  is  possible  to 
measure  the  microwave  spectrum  of  a  picosecond  optical  pulse  tram. 

This  report  develops  the  theory  of  picosecond  demodulation  *nd  shows  that  the 
frequency  spectrum  generated  is  related  to  the  F idrier  transform  of  the  time 


20.  DISTRIBUTION  /AVAILABILITY  OF  ABSTRACT 
PUNCLASSIFIEO/UNUMITED  □  SAME  AS  RPT. 


22a.  NAME  OF  RESPONSIBLE  INDIVIDUAL 


21.  ABSTRACT  SECURITY  CLASSIFICATION 
□  OTIC  USERS  Unclassified  _ 


iuo.  TeLtf  ncjnt  {inuuda  Area  Coda)  22c.  OFFICE  SYMBOL 


00  FORM  1473, 84  MAR 


83  APR  edition  may  b«  used  until  exhausted. 
All  other  editions  are  obsolete. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 
UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


Abstract 


Using  the  techniques  of  Fourier  analysis,  any  periodic  time  domain  function  will 
have  a  unique  frequency  domain  transform.  It  is  therefore  possible  to  use  frequency 
domain  measurements  to  understand  a  time  domain  signal.  Fourier  analysis  implies  that 
picosecond  laser  pulses  would  have  frequency  components  which  range  into  the 
microwave  bands. 

The  technique  of  picosecond  demodulation  is  one  way  of  generating  microwaves 
from  laser  pulses.  Picosecond  demodulation  uses  laser  pulses  to  generate  electron 
bunches  at  a  photocathode.  The  electron  bunches  are  then  accelerated  and  radiate 
electromagnetic  waves.  Based  on  this  technique  it  is  possible  to  measure  the  microwave 
spectrum  of  a  picosecond  optical  pulse  train. 

This  paper  develops  the  theory  of  picosecond  demodulation  and  shows  that  the 
frequency  spectrum  generated  is  related  to  the  Fourier  transform  of  the  time  domain 
envelope  of  the  laser  pulse  train.  Based  on  the  theoretical  development,  a  prototype 
device,  called  a  picosecond  demodulator,  has  been  built.  Using  this  device,  several 
experiments  are  reported  which  (a)  verify  the  theory  of  picosecond  demodulation  and  (b) 
demonstrate  that  frequency  domain  techniques  can  be  used  to  characterize  picosecond 
optical  pulses.  These  results  indicate  that  frequency  domain  techniques  are  easy  and 
inexpensive  to  implement  and  provide  an  accurate  supplement  to  time  domain 
measurements  using  autocorrelators  or  streak  cameras. 
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Chapter  1 


Background 


1.1  Introduction 

During  the  past  decade,  the  study  of  short  time  phenomena  has  accelerated  due  to 
the  development  of  ultrashort  pulsed  lasers  and  ultrashort  measurement  techniques. 
Femtosecond  lasers  are  now  commonly  used  to  study  chemical,  biological,  and  electrical 
phenomena,  while  measurement  devices  such  as  streak  cameras  and  autocorrelators  are 
capable  of  measuring  with  picosecond  and  femtosecond  resolution,  respectively.  These 
measurement  devices  work  entirely  in  the  time  domain.  However,  based  on  the 
principles  of  Fourier  Analysis,  the  same  amount  of  information  is  available  from 
measurements  made  in  the  frequency  domain.  A  typical  example  is  shown  in  fig.  1-1;  a 
square  wave  in  the  time  domain  is  equivalent  to  a  sine  function  in  the  frequency  domain. 
Depending  on  the  phenomena  of  interest,  either  representation  of  the  signal  may  be  used 
to  study  a  system. 

This  thesis  describes  the  theory  and  implementation  of  frequency  domain 
instrumentation  for  analyzing  short  time  domain  phenomena,  specifically  measuring  the 
output  characteristics  of  picosecond  optical  pulses.  This  chapter  provides  background 
material  for  this  research.  First,  the  current  technology  of  generating  ultrashort  laser 
pulses  is  reviewed.  Next,  time  domain  methods  for  analyzing  picosecond  laser  pulses  are 
discussed.  Finally,  the  various  techniques  of  generating  microwave  (frequency  domain) 
spectra  from  short  time  laser  pulses  is  reviewed  and  shown  to  be  the  foundation  for 
frequency  domain  analysis  methods. 
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1 

.5  0 
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Fig.  1-1.  The  rect(t)  functi  and  its  Fourier  transform  sinc(co) 


1.2  Generation  of  Picosecond  Laser  Pulses 

The  first  picosecond  pulsed  laser  was  reported  by  DeMaria  et  al.  in  1966  [1]. 
During  the  past  twenty  years  much  work  has  been  done  developing  systems  that  produce 
shorter  and  shorter  width  pulses  [2].  Currently,  the  shortest  pulses  produced  are  6  fs 
long  [3],  In  the  laboratory,  ultrashort  laser  pulses  are  generated  using  one  of  three 
common  systems:  synchronously  pumped  dye  lasers,  colliding  pulse  mode  locked  lases, 
or  laser  pulse  compressors. 
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1.2.1  Synchronously  Pumped  Dvp  Lasers 

A  typical  synchronously  pumped  dye  laser  is  shown  schematically  in  fig.  1-2.  The 
pump  laser  is  mode  locked  to  produce  a  periodic  train  of  short  pulses.  These  pulses  are 
typically  a  fraction  of  a  nanosecond  long  and  pump  the  gain  medium  in  the  dye  laser 
cavity.  The  time  spacing  between  pulses  equals  the  round  trip  transit  time  of  a  single 
pulse  in  the  laser  cavity;  for  a  cavity  of  length  /,  the  period  between  pulses  T=cl2l  where  c 
is  the  speed  of  light  in  the  cavity. 


Pump  Laser 


Dye  Laser 


Fig.  1-2.  Schematic  of  a  synchronously  pumped  dye  laser:  MLP. 
mode  lock  prism;  OC.  output  coupler;  M.,  flat  mirror;  SM. 
spherical  mirror,  £),  dye  jet;  TW.  tuning  wedge. 


In  steady  state,  a  single  short  optical  pulse  travels  through  the  dye  laser  cavity. 
When  the  dye  and  pump  laser  cavity  lengths  are  properly  aligned,  the  pulse  in  the  dye 
cavity  has  the  same  period  as  the  pump  laser  pulse,  but  reaches  the  gain  media  slightly 
after  the  pump  pulse.  The  pump  pulse  excites  the  dye  molecules,  creating  population 
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inversion.  Immediately  following  inversion,  the  dye  cavity  pulse  hits  the  excited  dye 
molecules  and  causes  stimulated  emission,  hence  producing  laser  action.  Because  the 
stimulated  emission  lifetime  is  extremely  short,  the  dye  cavity  pulse  is  shorter  than  the 
pump  pulse  duration.  It  is  in  this  way  that  a  relatively  long  (typically  nanosecond)  pump 
pulse  can  produce  a  much  shorter  (=a  few  picoseconds)  dye  laser  pulse. 

Although  not  "state  of  the  art",  synchronously  pumped  dye  lasers  are  widely  used 
because  of  several  useful  characteristics.  First,  these  lasers  are  uncomplicated  to  build  and 
easy  to  maintain.  Second,  the  output  wavelength  of  the  laser  is  selected  with  an  etalon  or 
optical  wedge  inside  the  dye  laser  cavity.  As  a  result,  the  output  spectral  width  of  the  dye 
laser  is  narrow  and  can  be  tuned  across  the  spectrum  supported  by  the  dye  gain  curve. 
The  work  presented  in  this  paper  used  a  synchronously  pumped  dye  laser  system. 

1.2.2  Colliding  Pulse  Mode  Locked  Lasers 

Colliding  pulse  mode  locked  (CPM)  lasers  [4]  can  produce  sub-picosecond  pulses; 
simple  CPM  lasers  easily  generate  200  femtosecond  pulses.  Shown  in  fig.  1-3,  the 
topology  of  the  CPM  laser  is  different  than  that  of  the  synchronously  pumped  dye  laser. 
Using  a  ring  topology,  the  CPM  laser  is  a  passively  mode  locked  system,  with  two 
counterpropagating  pulses.  When  the  dye  and  absorber  jets  are  separated  by  a  quarter  of 
the  ring  length,  the  laser  supports  two  counterpropagating  pulses  such  that  the  pulses 
collide  at  the  absorber  jet  (A,  in  fig.  1-3)  and  are  a  half  ring  distant  when  either  hits  the 
dye  jet  (D  in  fig.  1-3). 

Although  a  relatively  new  device,  several  useful  characteristics  have  made  the  CPM 
laser  a  preferred  instrument  in  ultrashort  time  research.  With  dispersion  compensation 
(the  shaded  path  and  prisms  shown  in  fig.  1-3)  produce  pulses  as  short  as  27 
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ft 


Pump  Beam 


Fig.  1-3.  Schematic  of  colliding  pulse  mode  locked  laser:  A,  saturable 
absorber;  D,  dye  jet ;  OC.  output  coupler;  P,  prism.  The  shaded  figures 
indicate  the  optical  path  for  dispersion  compensation.  With  compensation, 
this  design  produces  27  femtosecond  optical  pulses. 


femtoseconds  [5],  Even  without  compensation,  150  femtosecond  pulses  are  normally 
generated.  With  appropriate  dye  and  absorber  combinations,  the  output  wavelength  may 
be  tuned  across  the  entire  optical  spectrum  [6].  Finally,  because  the  CPM  laser  uses  a 
c.w.  pumping  source  (unlike  the  synchronously  pumped  dye  laser)  the  overall  cost  and 
complexity  of  this  system  is  relatively  low. 

1.2.3  Laser  Pulse  Compression 

The  generation  of  minimum  length  optical  pulses  requires  the  use  of  an  external 
pulse  compressor.  Optical  pulse  compressors  have  their  origins  in  microwave  pulse 
compressors  built  in  the  1950's  [7].  Optical  pulses  are  compressed  in  two  steps.  First 
the  optical  pulse  is  stretched  in  time  and  chirped  in  frequency  (fig.  1-4);  this  is  done  by 
propagating  a  high  energy  pulse  through  a  optical  fiber  (self  phase  modulation  results  in 
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positive  linear  dispersion  and  a  lengthening  of  the  pulse).  The  chirped  pulse  is 
compressed  by  transit  through  a  pair  of  gratings  or  prisms.  The  grating  pair  produces 
linear  dispersion  without  changing  the  time  width  of  the  pulse's  intensity  envelope. 
When  properly  aligned,  the  dispersion  of  the  grating  pair  can  be  made  to  cancel  the 
dispersion  caused  by  the  fiber.  This  results  in  all  the  spectral  components  of  the  optical 
pulse  overlapping  with  no  phase  difference;  in  the  time  domain,  this  yields  pulses  much 
narrower  than  the  original  pulse. 


Fig.  1-4.  Optical  pulse  compression.  The  top  row  is  the  time  envelope  of 
the  pulse.  The  second  row  shows  the  optical  wavelength  spectrum  of  the 
pulse.  The  bottom  row  indicates  the  change  of  wavelength  versus  time 
(chirp),  (a)  is  the  shows  the  pulse  characteristics  before  chirping,  (b) 
shows  the  chirped  pulse,  (c)  depicts  the  pulse  after  compression. 
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1.3  Measurement  of  picosecond  pulses  in  time 

In  conjunction  with  the  development  of  picosecond  laser  sources  there  has  been  a 
corresponding  development  of  instruments  capable  of  measuring  optical  phenomena  of 
short  time  duration.  Although  a  wide  variety  of  devices  have  been  devised,  two  classes 
of  measurement  devices  are  typically  used  to  measure  short  time  phenomena:  streak 
cameras  and  autocorrelators. 

1.3.1  Streak  Cameras 

A  simple  streak  camera  is  shown  in  fig.  1-5.  In  operation,  a  short  optical  pulse  hits 
the  photocathode  and  simultaneously  triggers  the  electrode  sweep  voltage.  The  time 
profile  of  the  electron  density  corresponds  to  the  optical  intensity  time  profile.  As  the 
photoelectrons  travel  from  the  photocathode  to  the  anode,  the  time  varying  electrode 


Fig.  1-5.  Schematic  of  a  simple  streak  camera:  V|,  sweep  generator; 
V.  photocathode  supply;  P,  photocathode;  QMA.  optical 
multichannel  analyzer. 
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potential  Vi  will  produce  a  time  varying  force,  deflecting  the  electron  beam.  Electrons 
generated  early  in  the  sample  time  will  hit  near  the  bottom  of  the  display  anode,  while 
electrons  generated  later  will  strike  the  anode  higher.  The  electron  density,  proportional  to 
the  input  optical  beam  intensity,  generates  light  when  it  strikes  the  phosphor  on  the 
anode.  The  phosphor  display  will  produce  an  intensity  proportional  to  the  time  intensity 
of  the  input  beam. 

Current  state-of-the-art  streak  cameras  have  a  limiting  time  resolution  form  0.7 
picoseconds  [8]  to  0.5  picoseconds  [9].  Baggs  et  al.  [8]  state  that  the  limiting  resolution 
of  0.2  picoseconds  is  potentially  realizable.  Streak  cameras  have  also  been  built  to  collect 
multiple  channels  of  data  simultaneously  [10].  An  early  demonstration  of  this  technique 
by  Seymour  and  Alfano  [11]  simultaneously  measured  the  left  and  right  circular 
polarization  profile  of  semiconductor  lasers. 

Although  quite  useful,  the  use  of  streak  cameras  is  limited  for  two  reasons.  First, 
streak  cameras  (and  the  associated  drive  and  analysis  electronics)  are  quite  expensive. 
Second,  streak  cameras  are  also  limited  by  the  dynamic  range  and  spectral  sensitivity  of 
the  phototube;  operation  at  infrared  requires  a  different  phototube  than  operation  in  the 
visible  [12]. 

1.3.2  Autocorrelators 

The  second  widely  used  method  of  short  time  measurement  is  autocorrelation.  The 
autocoiTelator  produces  an  output  modelled  by, 

A(t)  =  J  -  x)dt  (1  1} 

=  /(0®/(0 
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A(t)  =  g(t)©g(t) 


g(t) 


Fig.  1-6.  Autocorrelation  of  a  gaussian  shaped  pulse. 


where  f(t)  is  the  optical  input  intensity,  x  is  the  optical  delay,  and  A(x)  is  the 
autocorrelation  (©  denotes  the  correlation  operator).  It  is  important  to  note  that  the 
integrand  of  equation  (1.1)  is  dependent  on  the  initial  pulse  shape.  Hence,  the 
autocorrelator  generates  a  non-linear  measurement  of  die  pulse  width.  The  autocorrelation 
for  a  gaussian  pulse  is  shown  in  fig.  1-6. 

A  variety  of  optical  phenomena  have  been  used  to  build  autocorrelators,  including 
phase  conjugation  [13],  two-photon  flourescence  [14],  and  second  harmonic  generation 
(SHG).  Of  these,  the  typical  hardware  implementation  uses  SHG  and  a  Michelson 
interferometer  (fig.  1-7).  The  input  optical  beam  is  split,  and  half  of  the  beam  is  delayed 
by  the  variable  length  arm,  /.  The  two  beam  components  are  slightly  offset  (by  the  roof¬ 
top  prisms)  and  focused  through  the  SH  media  When  photons  coincide  in  time  and  space 
in  the  SH  media,  frequency  doubling  occurs  and  a  photon  of  2co  is  generated.  The 
intensity  of  the  doubled  photons  correspond  to  the  integral  of  equation  (1.1),  where  x  is 
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Fig.  1-7.  Autocorrelator  schematic:  CR.  comer  reflector,  beam 
splitter;  SH.  second  harmonic  crystal;  J2.,  detector;  1,  optical  delay 
path. 


the  delay  imposed  by  the  variable  arm  (t -He).  The  readout  electronics  measure  the 
detector  response  as  the  delay  arm  length  varies  and  displays  the  result 

Autocorrelators  have  been  built  around  several  designs.  Commercial  models  are 
available  but  are  quite  expensive.  Due  to  limits  imposed  by  the  SH  media  available, 
autocorrelation  is  limited  to  visible  and  infrared  light.  Also,  because  autocorrelators  are 
multi-element  optical  devices,  they  require  careful  alignment  and  periodic  maintenance. 
The  problem  of  alignment  is  most  severe  when  aligning  a  wavelength  tunable  dye  laser. 
In  this  situation,  changes  of  either  the  laser  optics  or  the  operating  wavelength  require 
realignment  of  the  autocorrelator.  Finally,  in  practice  the  autocorrelation  function  requires 
an  a  priori  knowledge  of  the  pulse  shape  to  accurately  determine  its  width;  conversion 
factors  for  several  shapes  are  shown  in  table  1 . 
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Table  1.  Comparison  of  full  width  at  half  maximum  of  a  function  and  its 
autocorrelation. ;tpw  is  the  full  width  at  half  maximum  of  the  original  function  and  Tpw  is 
the  full  width  at  half  maximum  of  the  autocorrelation  of  the  function.  The  values  for  sech2 
were  obtained  in  closed  form,  based  on  results  given  by  Yariv  [42]. 


f(t) 

tFW  = 

FWHMffit)) 

TFW  = 

FWHM  { f(t)©f(t) } 

tfwAfw 

exp(-t2/<32) 

2aVln2 

2ay[2yf\n2 

V2 

rect(t/a) 

a 

a 

1 

exp(-t/a),  t>0 

aln2 

2a\n2 

2 

sech2(t/a) 

a  arccosh(V2) 

2tf[arccosh(V2)]3 

2[arccosh(V2)]2 

1.4  Generation  of  frequency  domain  information  from  picosecond  pulses 

The  conversion  of  picosecond  optical  pulses  to  their  frequency  domain  components 
is  based  on  techniques  by  which  microwaves  may  be  generated  from  optical  pulses.  The 
earliest  uses  of  lasers  to  generate  microwave  radio  waves  used  klystrons  and  traveling- 
wave  tubes  (TWTs)  in  which  the  buncher  elements  were  replaced  by  a  photocathode.  A 
pulsed  laser  would  drive  the  cathode  producing  beams  of  bunched  electron  capable  of 
driving  the  microwave  structures  at  resonance.  Proposed  in  1955  [15]  and  1960  [16], 
this  approach  was  first  realized  by  McMurty  and  Siegman  in  1961  [17].  By  focusing  a 
laser  on  the  cathode  of  a  TWT,  McMurty  and  Siegman  amplified  the  beats  produced  by 
the  axial  modes  of  a  ruby  laser;  microwave  signals  were  generated  from  1.8  GHz  to  4.2 
GHz  at  600  MHz  intervals.  Various  later  experiments  used  modified  TWTs  [18], 
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klystrons  [19],  and  modified  phototubes  [20]  to  produce  X-band  (8-12  GHz) 
microwaves. 

By  the  mid  1960's  researchers  began  using  semiconductor  photodiodes  to  replace 
the  vacuum  tube  devices  [21].  During  the  1970's,  research  concentrated  on  switching  of 
microwave  signals  by  optical  control;  several  groups  developed  electro-optical  devices  for 
modulating  microwave  signals  propagating  through  semiconductor  transmicsion  lines 
[22,  23].  Mourou,  Stancampiano,  and  Blumenthal  [24]  reported  the  first  solid  state 
system  for  generating  microwaves  from  picosecond  optical  pulses.  Shown  in  fig.  1-8, 
their  system  used  a  fast  GaAs  photodiode  to  switch  a  high  voltage  across  an  X-band 
waveguide;  the  system  produced  50  pS  microwave  pulses  which  were  used  in  a  simple 
radar  demonstration. 


Fig.  1-8.  A  solid  state  device  for  generating  microwaves. 


In  the  early  1980's,  an  approach  was  developed  for  generating  microwaves  by 
direct  demodulation  of  picosecond  optical  pulses.  First  described  by  De  Lucia  [25]  and 
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De  Lucia,  Guenther,  and  Anderson  [26],  the  technique  of  picosecond  demodulation  uses 
a  simple  vacuum  tube  photodiode  to  remove  the  carrier  from  an  optical  pulse,  leaving  the 
envelope  spectrum  centered  at  DC.  (Picosecond  demodulation  is  analogous  to  the 
operation  of  an  AM  crystal  radio  receiver.)  Within  the  past  two  years,  several  researchers 
[28,  29,  30]  have  used  solid-state  variations  of  this  technique  to  generate  microwave 
radiation  of  terahertz  frequencies  (wavelengths  of  less  than  .3  mm).  Most  recently  this 
technique  has  been  used  to  generate  microwaves  for  measuring  complex  dielectric 
constants  [27].  Grischkowsky  has  suggested  that  terahertz  microwave  sources  may  also 
be  useful  for  transmission  spectroscopy  and  high  speed  communications  [29]. 

1.5  Optical  pulse  analysis  by  picosecond  demodulation 

This  thesis  uses  the  technique  of  picosecond  demodulation  to  determine  the  pulse 
width  of  a  picosecond  optical  pulse.  Demonstrated  in  the  next  chapter,  the  microwave 
radiation  spectrum  produced  by  the  picosecond  demodulator  is  related  to  the  Fourier 
transform  of  the  time  domain  laser  pulse  envelope.  Based  on  simple  measurements  of  the 
microwave  spectrum  (e.g.,  rolloff),  the  optical  pulse  width  may  be  determined.  Although 
this  may  seem  like  an  indirect  measurement  approach,  this  paper  will  demonstrate  that 
frequency  domain  information  is  as  useful  as  that  of  the  time  domain  and  the  basic 
frequency  domain  techniques  are  simpler  to  implement  than  time  domain  instruments. 

In  the  next  chapter  the  theory  of  picosecond  demodulation  is  presented  along  with 
its  application  to  the  mode!  of  a  picosecond  pulsed  laser  system.  The  third  chapter 
describes  the  actual  experimental  setup  and  presents  the  data  obtained.  The  final  chapter 
discusses  the  results  and  compares  them  to  theoretical  expectations. 
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Chapter  2 
Theory 

2.1  Overview 

This  chapter  presents  the  theory  of  operation  of  the  picosecond  demodulator.  This 
chapter  is  divided  into  three  sections.  The  first  section  develops  the  frequency  domain 
model  of  picosecond  optical  pulses.  The  second  section  describes  the  microwave  and 
photoemission  theory  required  to  describe  the  operation  of  the  picosecond  demodulator. 
The  last  section  brings  the  previous  sections  together  and  describes  various  methods  of 
determining  time  domain  pulse  parameters  from  the  frequency  domain  data. 

2.2  Laser  Pulse  Theory 

The  most  common  approach  of  analyzing  picosecond  pulses  is  based  on  the 
analysis  of  laser  mode  locking.  In  addition  to  yielding  a  good  description  of  picosecond 
pulses  in  both  the  time  and  frequency  domain,  this  approach  gives  good  insight  into  the 
way  lasers  actually  produce  a  pulsed  output.  An  alternate  method  of  analyzing 
picosecond  pulses  uses  systems  theory.  This  approach  is  appealing  because  it  is  builds 
on  techniques  of  system  analysis  taught  in  most  undergraduate  electrical  engineering 
curricula  [33].  Both  approaches  are  developed  in  this  section. 

2.2.1  Mode  Locking  Analysis  of  Laser  Pulse  Trains 

The  theory  of  laser  mode  locking  provides  a  description  and  model  of  picosecond 
lasers  pulses  [25,32].  The  laser  produces  a  train  of  pulses  of  width  x  and  period  T  (fig. 
2-1). 
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Fig.  2-1.  Pulse  Train  produced  by  mode  locked  laser. 


The  total  electric  field  of  the  laser  output  can  be  expressed  as  Fourier  series,  with 
the  individual  terms  correspond  to  the  longitudinal  modes  supported  by  the  laser  cavity, 


ET(z,t) 


2  i=l  *= 1 


=  — "+^Ete‘<a>*l'_t/cl+n) 

2  *=i 


+  c.c. 


(2.1) 


where  <J>k  and  E *  are  the  phase  and  magnitude  of  the  &th  harmonic  mode.  The  laser 
cavity,  however,  does  not  support  all  these  modes.  Instead,  only  a  finite  number  of 
modes  are  supported.  Assuming  the  laser  supports  N  modes,  a  change  of  indices  allows 
equation  (2.1)  to  be  rewritten  as, 

AM 

ET{z,t)  =  \  ^Eme‘(a>"[,-,/c]+*")  +c.c. 

"=_  ^  (2.2) 


where  it  is  assumed  that  N  is  odd.  The  frequency  of  the  nth  mode  is  defined  as, 

0)n  =  COq  +  nA  (2.3) 
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where  (Do  is  the  center  laser  frequency  and  A=2k (c/2/)  is  the  laser  cavity  longitudinal 
mode  spacing  in  angular  frequency. 


Observing  the  pulse  at  an  arbitrary  point  z=0  and  rearranging  the  terms  in  (2.2) 
yields1, 

Et  (0,  t )  =i  «*“•'  £  EHei(HA,+*’  >  +  {  e-^‘  £  £„e"‘("4'+** ) 

*  « 


N-l 

2 

=  cos(co0r)  ^ZT.cosCflAr  +  <()„) 

N-\ 

T 


(2.4) 


The  the  cosine  term  in  C0q  represents  the  optical  carrier  at  the  center  frequency  of  the  laser. 
The  summation  represents  the  optical  pulse  envelope  whose  shape  is  dependent  on  En  and 


If  no  other  control  is  placed  on  the  laser  cavity,  all  the  modes  will  oscillate  with 
independent  phase  and  amplitude  (ignoring  mode  competition  effects  [pp.  992-1002, 
reference  4]).  However,  by  controlling  the  phase  of  each  mode  it  is  possible  to  control 
the  laser  output.  Forcing  $n  equal  to  a  constant,  <{>0,  allows  the  phase  term  within  the 
summation  of  eq.  (2.4)  to  be  treated  as  a  multiplicative  phase  constant, 


N- 1 


ET(0,t)  =cos((DJ  +  <P0)  E„ cos(«A0 


N-l 

2 


(2.5) 


In  this  case,  all  the  modes  oscillate  in  unison,  and  the  laser  is  said  to  be  mode-locked.  A 


1  For  any  complex  X,  X+X*=  2Re{X). 
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further  simplification  can  be  made  by  assuming  <{>o=0.  When  the  goal  of  the  analysis  is 
an  understanding  of  the  laser  intensity  envelope,  this  assumption  is  always  valid. 


Assuming  the  mode  locked  laser  cavity  supports  N  modes  all  with  <j>n=0,  and 
assuming  that  gain  saturation  forces2  En  =Eq  for  all  n  (this  will  be  relaxed  in  the  next 


section),  equation  (2.5)  funner  reduces  to. 


ET(0,t) 


N- 1 
2 

=  Ea  cos(ci)o0  £cos(nAf) 
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=  cos(co0r) 


sin(iVAr/2) 
sin(At  /  2) 


and  hence  the  laser  output  intensity  is. 


I  oc  |£j2 

j  ^  sin2  ( NAt/2 ) 
sin2(Ar/2) 


(2.6) 

(2.7) 


(2.8) 


Equation  (2.8)  is  periodic  (with  period  T=2n/A=2l/c  )  therefore  the  mode-locked 
laser  output  is  a  train  of  pulses.  The  individual  pulses  have  a  peak  power  N  times  the 
average  power  and  a  width  proportional  to  C/21N.  If  the  spatial  variation  of  the  field  is 
reinserted,  equation  (2.8)  becomes, 

sin2{)VA(r-z/c)/2} 

sin2{A(f-z/c)/2}  (2m 


indicating  that  within  the  cavity  a  single  short  pulse  bounces  between  the  cavity  mirrors. 


2  This  is  generally  valid  for  mode  locked  lasers. 
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Physically,  the  individual  modes  may  be  synchronized  by  modulating  the  optical 
beam  (e.g.,  gain  modulation,  acousto-optical  shutter,  etc.)-  As  shown  in  fig.  2-2, 
amplitude  modulation  of  the  optical  field  produces  sidebands  on  either  side  of  the  cavity 
modes.  When  the  modulation  frequency  equals  the  mode  spacing  frequency,  the 
sidebands  from  one  mode  will  overlap  with  the  fundamental  of  adjacent  modes  rf?g  2- 
2b).  The  sidebands  of  one  longitudinal  mode  couple  with  the  adjacent  fundamentals 
forcing  the  sidebands  to  have  the  same  phase  as  the  neighboring  fundamental.  Because 
the  sidebands  of  a  given  fundamental  differ  only  in  frequency  and  not  in  phase,  the 
overlapping  of  sidebands  with  adjacent  fundamentals  force  all  modes  to  oscillate  with 
identical  phase,  hence,  producing  mode  locking. 


fi  12  13 
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Fig.  2-2.  Laser  mode  locking  by  sideband  coupling.  The 
fundamentals  are  labeled  fl,f2,f3,...  The  first  lower  and  upper 
harmonics  are  denoted  by  the  1  and  h  suffixes,  a)  shows  the  primary 
sidebands  when  the  mode  lock  frequency  is  less  than  the  mode 
spacing  frequency,  b)  shows  the  primary  sidebands  from  adjacent 
modes  overlapping  the  fundamentals. 
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2.2.2  Systems  Theory  Analysis  of  Laser  Pulse  Trains 


The  previous  section  assumed  En=E0  for  all  n.  Although  this  assumption  is  usually 
valid  for  mode  locked  lasers,  using  a  systems  approach  yields  an  analysis  which  better 
accommodates  laser  pulses  with  generalized  longitudinal  mode  spectrum  (as  shown  in 


fig.  2-3). 


Laser  Gain 


Fig.  2-3.  Generalized  laser  gain  curve.  The  cavity  longitudinal 
mode  spacing  is  A. 


In  the  frequency  domain  the  complete  laser  field  is  described  by, 
El(  w)  =  comb&  {i[5(co  -toJ  +  5(co  +  toj]  <8>  G(  co)} 

El  (to)  =  \comb&  {G(co  -  wo )  +  G(co  +  co, )} 


where  ®  is  the  convolution  operator,  G(co)  is  the  laser  gain  curve  function,  A  is  the 
longitudinal  mode  spacing,  and  cu0  is  the  optical  angular  frequency  at  the  center  (with 
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respect  to  the  cavity  loss  line  intercepts)  of  the  gain  curve  function3. 


The  time  response  of  the  laser  is  found  by  taking  the  Fourier  transform  of  equation 


(2.11), 


EL(t)  =  FT{£l(£0)} 

~T  repr{cos(o)or)*g(r)} 


(2.12) 


where  T,  the  pulse  period,  is  defined  as  1/A  and  g(t)  is  the  Fourier  transform  of  the  gain 
curve  and  yields  the  time  domain  pulse  shape  (assuming  a  reference  point  in  space  at 
z=0).  Equation  (2.12)  shows  that  in  the  time  domain  the  output  of  a  pulsed  picosecond 
laser  can  be  modelled  as  an  optical  carrier  modulated  by  a  periodic  envelope  (fig.  2-4). 


•••  vw  ••• 

cos(coj) 


"■VVWWVV^" 

g(t)  •cosfio.J) 


Fig.  2-4.  Pulse  formed  by  envelope  modulating  an  optical  carrier. 
Cos(o>ot)  is  the  optical  carrier,  g(t)  is  the  periodic  envelope  function. 
The  output  is  the  product  of  the  two  functions. 


3  Note  the  following  definitions: 

M  M 

rep7{/(r)}  s  f(t)  <8>  £5 (t-  nT)  combr  {/(r)}  =  /(r)  *  £5(r  -  nT) 


It  can  be  shown  that  the  Fourier  transform  of  these  are, 


combr {/(/)}  |rep1/r{F(co)} 


rePr {/(')}  <=>  -f  comb1/7-{F(to)} 
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This  result  appears  to  be  in  conflict  with  equation  (2.7).  However,  note  that  the  rep  i/a  { } 
operator  produces  an  infinite  sum  of  the  argument  function  spaced  1/A.  When  the 
argument  has  infinite  range,  as  does  g(t)  in  equation  (2.14),  then  the  periodically  spaced 
functions  overlap  and  add.  Analyzed  graphically,  it  can  be  shown  that  when  N  is  large, 
equations  (2.7)  and  (2.14)  are  equivalent.  This  is  demonstrated  in  fig.  2-5  for  N=1 1  and 
where  the  first  three  terms  of  the  repr{ }  summation  are  used. 


4  rect(oj)  is  defined  as  1  on  the  interval  [-co/2,cd/2],  and  0  elsewhere. 

5  Note  that  the  Fourier  transform  of  F((o)=rect(<o/a)  is  f(t)=sin(at/2)/(t/2). 
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sin(Nx)/sin(x) 

g(x-jt)+g(x)+g(x+rc)  where  g(x)=sin(Nx)/x 


} 


N=1 1 


Fig.  2-5.  Equations  (2.7)  and  (2.14)  compared  for  N=1 1. 


The  intensity  of  the  field  from  equation  (2.14)  is  generally  difficult  to  solve  in 
closed  form.  However,  if  the  period,  T-  1/A,  between  pulses  is  much  larger  than  the 
rolloff  of  the  envelope  function,  g(t),  then  the  envelope  of  the  individual  pulses  is 
approximated  by  a  single  term  of  the  rep{ }  summation,  i.e., 
lim  {g(r)}  ->  0 

l-»Uige 

•••  lim  {repT(g(t))} ->  g(t) 

T  —►Urge, 
uT 
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This  is  generally  the  case  for  picosecond  pulsed  lasers.  Therefore,  in  this  limit  the 
intensity  envelope  of  a  single  pulse  is  simply, 

I  ~g2(t) 

The  systems  approach  has  two  advantages.  First,  it  does  not  impose  any  restrictions 
on  the  number  of  modes  supported  by  the  laser,  i.e.,  N  may  be  odd  or  even.  This  also 
relaxes  the  restriction  of  the  previous  section  that  co0  rest  on  a  supported  cavity  mode. 
Second,  the  system  approach  allows  a  simple  approach  to  handling  laser  pulses  when 
En*E0.  As  will  be  shown  below,  this  approach  clearly  relates  the  time  domain  pulse 
shape  to  the  frequency  domain  components,  and  therefore  the  output  of  the  picosecond 
demodulator.  See  appendix  A  for  further  examples. 

2.3  Picosecond  Demodulator  Operational  Theory 

The  picosecond  demodulator  converts  the  time  domain  intensity  profile  of  an  optical 
pulse  to  its  corresponding  frequency  domain  spectrum.  The  picosecond  demodulator 
performs  the  conversion  in  two  steps.  First,  the  optical  pulse  is  used  to  produce  an 
density  modulated  electron  beam  whose  density  profile  in  time  is  related  to  the  intensity 
profile  in  time  of  the  optical  pulse.  The  electron  bunch  is  then  accelerated  to  produce  a 
microwave  field  whose  spectrum  is  related  to  the  optical  pulse  profile  and  the  picosecond 
demodulator  cavity  geometry.  The  following  sections  present  the  detailed  theory  of  these 
operations. 
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2.3.1  Conversion  of  optical  pulses  to  electron  bunches 

The  picosecond  demodulator  uses  a  simple  vacuum  photodiode  to  convert  the 
optical  pulses  to  electron  bunches.  Based  on  the  principles  of  photoemission,  the  number 
of  electrons  emitted  by  the  photocathode  is  directly  proportional  to  the  intensity  of  the 
incident  light  [34,35], 

p(/)~7(/)  =  |£(r)|2  (2A5) 

where  p(r)  is  the  charge  density,  J(t)  is  the  optical  intensity,  and  E(t)  is  the  incident 
field.  If  the  light  intensity  is  a  time  dependent  function,  then  the  number  of  electrons 
produced  will  have  the  same  time  dependence. 

The  potential  difference  between  the  cathode  and  anode  accelerates  the 
photoelectrons  across  the  gap  between  the  electrodes.  At  any  position  in  this  gap  the 
electron  density  will  have  the  same  time  dependence  as  the  optical  pulses.  As  discussed 
in  the  previous  section,  the  optical  pulses  may  be  modelled  as  a  sum  of  sinusodal 
components.  Therefore  in  operation  the  phototube  can  be  thought  of  supporting  a  stream 
of  electrons  whose  density  in  time  is  the  sum  of  many  currents  each  with  sinusodal  time 
dependence  of  varying  frequency. 

During  the  generation  and  transit  of  the  electron  bunches,  two  phenomena  must  be 
considered:  photoemission  response  time  and  space  charge  spreading.  (Other  effects  due 
to  work  function  variations  are  considered  in  Appendix  C.) 

Very  little  information  exists  about  the  speed  of  the  photoemission  process.  Spicer 
and  Wooten  [36]  indicates  that  the  rate  is  dependent  on  the  penetration  depth  of  the 
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radiation.  Although  no  exact  parameters  are  given,  Spicer  and  Wooten  indicate  for 
metals,  with  shallow  penetration  depths,  the  response  time  will  be  on  the  order  of  10 
femtoseconds.  Recent  literature  on  the  development  of  streak  cameras  implies  that  the 
photoemission  process  is  much  faster  than  100  femtoseconds  [37],  Compared  to  the 
duration  of  the  picosecond  optical  pulses  used  in  this  paper,  photoelectron  emission  can 
be  considered  instantaneous. 

When  a  number  of  like  charged  particles  are  bunched  together,  Coulombic  forces 
are  generated  which  will  force  the  particles  to  separate.  In  the  analysis  of  klystrons,  this 
effect  is  called  space  charge  debunching  [41].  The  electron  bunches  generated  in  the 
phototube  are  essentially  the  same  as  the  bunches  found  in  a  klystron,  therefore,  space 
charge  debunching  in  the  picosecond  demodulator  may  be  analyzed  using  the  results  of 
klystron  theory.  In  the  work  described  here,  the  electron  bunch  charge  densities  are  small 
(approximately  lfr12  Coulombs)  and  the  transit  times  are  quite  short  (typically  <300  pS). 
Operating  in  this  regime,  klystron  theory  yields  accurate  results  by  assuming  the  electrons 
do  not  interact  and  are  simply  ballistic.  Based  on  this  assumption,  the  electron  bunches 
generated  in  the  phototube  are  assumed  to  maintain  a  spatial  profile  identical  to  the 
temporal  laser  pulse  profile.  (Appendix  D  presents  a  calculation  that  supports  this  result.) 

2.3.2  Coupling  of  electron  energy  to  the  microwave  field 

In  the  picosecond  demodulator,  energy  obtained  from  the  constant  accelerating  field 
(between  the  phototube  electrodes)  is  transferred  from  the  electron  beam  to  the  microwave 
field  in  the  waveguide.  This  section  relates  the  frequency  spectrum  of  the  waveguide 
microwave  field  to  the  time  profile  of  the  electron  bunch  and  hence  the  optical  pulse 
shape. 
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In  the  picosecond  demodulator  the  transfer  of  energy  from  the  electron  bunches  to 
the  microwave  f  Jd  is  similar  to  the  energy  transfer  that  occurs  in  the  catcher  element  of  a 
klystron  tube  [38,39].  A  density  modulated  electron  beam  passes  a  gap  in  a  microwave 
structure,  causing  energy  to  transfer  from  the  electron  beam  to  the  microwaves.  The 
bacic  operation  of  the  klystron  is  explained  in  terms  of  basic  field  theory  and  conservation 
of  energy.  Based  on  the  analysis  by  De  Lucia  [25],  a  similar  approach  is  used  to  explain 
the  operation  of  the  picosecond  demodulator. 

The  basic  waveguide  setup  is  shown  in  fig.  2-6.  When  an  electron  leaves  the 
surface  of  the  photocathode,  the  DC  potential  causes  the  electron  to  accelerate  to  the 
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Fig.  2-6.  Picosecond  Demodulator  Waveguide  and  Photodiode. 
Note  that  Ex  is  the  microwave  field  supported  by  the  waveguide; 

the  electron  is  accelerated  by  the  field  -Vgfbx  . 
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anode.  The  motion  of  the  electron  can  be  determined  by  solving  the  equation  of  motion. 


F  -  ± -  Vo 
dt  b 


where  m  is  the  electron  rest  mass,  q  is  the  electron  charge  ( q  is  a  positive  value  equal 
1.6*  10‘19  Coulombs,  the  sign  of  the  charge  is  incorporated  into  the  equation),  v  is  the 
electron  velocity  at  time  t,  Vo  is  the  accelerating  potential,  and  b  is  the  gap  width. 
Assuming  no  initial  momentum,  integration  yields  the  electron’s  velocity  with  respect  to 
time. 


and  integrating  again  yields  the  electron's  position,  x,  as  a  function  of  time. 


/.  x  =  — Q-qt2 
2  bm 


(2.16) 


The  transit  time,  tr,  for  an  electron  crossing  the  gap  is  obtained  from  equation  (2.16), 


t.  = 


2b  m 


(2.17) 


A  more  rigorous  calculation,  using  corrections  for  relativity  yields  [40], 
K  =  ( mcb  /  V0<7)[(l  +  V0q  /  mc2f  - 1]^ 


(2.18) 


where  c  is  the  speed  of  light.  In  the  limit  Voq«mc 2,  this  simplifies  to  equation  (2.17). 
The  picosecond  demodulator  normally  operates  with  Vo«mc2-lq  =  510  kV,  therefore 
equation  (2.17)  is  an  adequate  approximation  for  tT. 
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Next  consider  what  happens  when  the  photodiode-waveguide  structure  supports  a 
microwave  field  described  by 
y 

Et  =  —  cos(cor  +  <j>) 
b 

As  Vo  accelerates  electrons  from  the  cathode  to  the  anode,  the  microwave  field  will 
also  produce  a  force  on  the  electrons.  If  the  microwave  field  increases  the  electron's 
velocity,  then  energy  will  be  transfered  from  the  field  to  the  kinetic  energy  of  the  electron. 
If,  however,  the  microwave  field  retards  the  electron,  then  the  electron  will  lose  kinetic 
energy  to  microwave  field.  If  Vj  is  small  compared  to  Vo  (so  that  the  electron  is  not 
stopped  ),  then  the  electron  energy  lost  to  the  field  is  found  to  be, 

W  =  \Pdr 
aV.  tx~h 

=  — 1  cos(o +  4>)<ir 

b  Jo  (2. 19) 


Using  (2.16)  to  produce  a  change  of  variables. 


lets  (2.19)  to  be  formulated  in  terms  of  transit  time, 

W  =  —  f '  rcos(cor  +  §)dt 
b  m  Jo 

_  q2VyV0  p rr  sin(co/r  +  0)  _  cos(urr  +  <{>)  cos4>" 

b2m  L  0)  +  (o2  o^_ 


(2.20) 


Inserting  (2.17)  into  this  result  and  regrouping  yields. 


W  =  2  <7^ 


sin(torr  +  <}>)  (  cos(corr  +  0)  cos0 
cor. 


CoV 


2  2 

o yt: 


(2.21) 


This  is  the  work  done  by  a  single  electron  on  the  microwave  field.  If  N  electrons 
cross  the  gap,  the  energy  transfered  to  the  microwave  field  becomes. 


WN  =  2?WV[— ] 


(2.22) 


Therefore,  the  energy  transfered  by  N  electrons  in  time  r  is  the  power  transfered,  Pe, 
P.  =  =  2qVt  “[-  ■  -] 

=  2V,^[...] 


P.  =2^f[ .  ] 


(2.23) 


where  i  is  the  average  current  across  the  gap. 


Ignoring  the  constant  coefficients  in  equation  (2.23),  the  term  in  brackets  is 


sin(corr  +  0)  cos  (cor,.  +  0)  cost)) 

c otr  +  o )2r2  co2r2 


(2.24) 


where  the  field  phase  angle,  <{>,  indicates  the  phase  of  the  microwave  field  during  its 
interaction  with  the  electron  beam.  In  the  limit  where  the  transit  time  is  short  compared  to 
the  microwave  field  period,  i.e.,  corr  =  0,  maximum  power  transfer  occurs  when  0=0. 
Therefore,  in  the  short  transit  time  limit,  equation  (2.24)  becomes, 

lim 

OM-*0 


sin  (cor,.)  cos(corr)  - 1 


cor. 


co2r2 


=  1-1  =  1 
2  2 


n  ~>r\ 


and  therefore,  when  transit  time  is  negligible, 
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Pe  =  Vji 


(2.26) 


When  the  transit  time  is  large  (i.e.,  when  mr  »  1),  corresponding  to  the  electron 


interacting  with  many  cycles  of  the  microwave  field,  equation  (2.24)  is  dominated  by  the 
sine  term.  In  this  limit,  equation  (2.23)  yield. 


P_  =  2v,,sm(Mr,  +  ») 


(2.27) 


Finally,  note  that  when  a )tr  is  near  1,  the  electron  interacts  with  the  field  over  nearly 
one  cycle.  In  this  case  the  complete  form  of  equation  (2.23)  must  be  used  for  accurate 
analysis. 


2.3.3  Waveguide  power  flow  based  on  Field  Theory 


To  determine  the  power  transfered  from  the  electron  beam  to  the  microwave  field, 
the  microwave  field  in  the  guide  must  next  be  calculated.  Consider  the  reduced  height 
waveguide  shown  in  fig.  2-7.  Driven  by  an  x  directed  electron  beam  at  y=a/2,  the 
waveguide  will  support  primarily  TEon  modes  where  n  is  odd.  For  TEoi  mode 
propagation,  the  cutoff  frequency  of  this  structure  is 

/  >—  1  =  — 

2  2  a  (2.28) 


The  microwave  power  propagating  through  the  waveguide  is  calculated  as, 

v.-fi 

_  abP\ 

~7z^ 
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Fig.  2-7.  Reduced  height  waveguide.  The  term  "reduced  height"  implies 
b«a.  This  definition  is  for  a  geometry  supports  a  TEoi  mode  with  the 
electric  field  vector  directed  across  the  narrow  gap  (regardless  of  actual 
waveguide  orientation  in  space). 


1  fUid 


_  bV,2 

4  Z0a 


(2.29) 


where  \Sj  is  the  time  average  time  average  Poynting  power  flow  (a  function  of  position) 
and  Zo  is  the  waveguide  impedance  defined  by  \Ey\/\Hx\  =  cop/kz. 


If  a  stub  is  placed  a  quarter  wavelength  from  the  driving  source,  as  shown  in  fig.  2- 
8,  then  the  -z  field  will  add  constructively  to  the  +z  field.  The  total  field  power 
propagating  from  one  end  of  the  waveguide  will  be, 
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Source 


Fig.  2-8.  Waveguide  with  stub  a  quarter  wave  from  source. 
In  this  configuration  the  stub  acts  as  a  total  reflector  so  that  the 
negatively  propagating  wave  is  coupled  out  of  the  waveguide. 


P  =  — i— 

"*  2  Z0a 

JUL 

R  (2.30) 

where  R=2Zoa/b. 

If  the  drive  current  is  modulated  at  a  frequency  co,  it  is  possible  to  excite  and  drive  a 
TEoi  mode  in  the  waveguide.  In  this  case,  combining  the  electron  beam  power  calculation 
from  (equations  (2.26)  and  (2.27))  and  the  waveguide  power  calculation  from  (equation 
2-30),  the  total  energy  transfered  from  the  electron  beam  to  the  TEoi  field  is  calculated.  In 
the  limit  where  0) tr  ~  0,  equations  (2.26)  and  (2.30)  are  combined  to  yield, 

V2 

cor  =  0  =>  Vi  =  — 

1  R 
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(2.31) 


P„t  -  i  R 


where  R=2Zoa/b  . 

In  the  limit  where  transit  time  is  not  negligible,  equations  (2.27)  and  (2.30)  are 
combined  to  yield. 


,  -.,.sin(cor  +<j>)  V.2 

cor»l  =>  2V, i — - — 1 — —  =-L- 

1  cor,  R 


Pws  =  i2R' 


(2.32) 


where 


R'  = 


/  \2 
'  2sin(corr  +<)>)  ^ 

cor. 


R 


(2.33) 


Again,  care  must  be  exercised  when  using  these  approximations.  As  discussed 
above,  when  corr  is  neither  very  large  or  very  small,  equation  2-24  must  be  used  in  place 
of  the  term  in  parentheses  in  equation  (2.33), 

fl'=4(...)2/?  (2.34) 


Assuming  V,  is  constant  for  all  co,  the  rolloff  of  (2.33)  and  (2.34)  is  shown  in  fig.  2-9. 
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Fig.  2-9.  Frequency  response  of  the  picosecond  demodulator  This  graph 
was  made  for  an  electron  transit  time,  4,  of  265  pS  and  a  pulse  period,  fm, 
of  82  MHz.  Using  these  definitions,  the  argument,  co tr,  to  the  rolloff 
function,  equation  (2.23),  equals  the  product  of  N  and  the  constant  term, 
2ttfmtr. 


2.4.  Picosecond  Demodulator  System  Design 

The  entire  picosecond  demodulator  system  is  shown  in  Fig.  2-10.  The  phototube 
and  microwave  sections  convert  the  picosecond  pulse  information  from  the  time  domain 
to  frequency  domain.  The  last  block  in  the  system  which  manipulates  the  frequency 
domain  data  to  derive  time  domain  information  about  the  optical  pulse.  This  block 
performs  two  functions.  First,  it  compensates  for  the  overall  system  response  to  yield  the 
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Fig.  2-10.  Block  diagram  of  the  complete  picosecond  demodulator. 

frequency  domain  representation  of  the  laser  pulse.  Next,  based  on  the  frequency  domain 
information,  this  section  estimates  the  time  domain  parameters  of  the  pulse. 

The  phototube  converts  the  optical  pulse  to  an  electron  pulse,  so  that, 

q(x,t)  =  kl(t)  (2.35) 

where  l(t)  is  the  laser  intensity  profile,  q(x,t)  is  the  charge  density  of  the  photoelectron 
bunch,  and  k  is  a  conversion  constant.  In  the  frequency  domain  equation  (2.35)  is 
expressed  as, 

Q(f)  =  kl(f)  (2.36) 

where  Q(f)  and  1(f)  are  the  Fourier  transforms  of  the  photocurrent  and  the  laser 
pulse  intensity.  The  microwave  section  output,  S(f),  is  the  product  of  the  photocurrent 
frequency  domain  spectrum,  Q(f)  and  the  waveguide  response,  P(f), 

S(f)  =  Q(f)P(f) 

=  kl(f)P(f)  (2.37) 
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In  principle  the  parameter  estimation  block  of  the  picosecond  demodulator  may 
obtain  I(t)  by  multiplying  S(f)  by  [kP(f))A  and  taking  the  inverse  Fourier  transform. 
(The  inverse  transfer  function  can  be  obtained  from  the  impulse  response  of  system.) 
These  operations  could  be  performed  in  real  time  by  a  digital  computer,  yielding  the  pulse 
profile  I(t).  In  practice,  however,  the  hardware  for  sampling  the  microwave  spectrum  is 
limited  in  the  range  of  frequencies  it  receives,  generally  sampling  only  a  few  microwave 
bands  simultaneously.  Although  this  restriction  makes  it  difficult  to  obtain  the  complete 
pulse  profile  I(t),  it  is  possible  to  use  the  band  sampled  data  to  estimate  the  rolloff  of  a 
pulse  of  an  assumed  shape.  Therefore,  pulse  width  estimation  becomes  a  simple 
problem  of  curve  fitting. 

2.5  Conclusion 

This  chapter  has  explained  the  theoretical  principles  of  converting  optical  pulses  to 
measurable  microwave  signals.  Also  considered  was  the  general  approach  to  calculating 
pulse  width  based  on  these  measurements.  These  are  the  main  ideas  upon  which  the 
operation  of  the  picosecond  demodulator  is  based.  The  next  chapter  describes  the 
hardware  implementation  of  a  picosecond  demodulator  and  demonstrates  that  picosecond 
demodulation  will  work  in  principle  for  pulse  width  estimation. 
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Chapter  3 


Experimental  Design  and  Results 

Based  on  the  theories  presented  in  the  previous  chapter,  a  prototype  picosecond 
demodulator  has  been  designed  and  tested.  This  chapter  describes  the  picosecond 
demodulator  design  and  its  experimental  performance  (details  of  each  experimental  setup 
are  presented  in  Appendix  E).  In  the  next  chapter,  the  results  of  these  experiments  are 
analyzed  and  explained. 

3.1  Picosecond  Modulator  Design 

Based  on  the  theoretical  design  of  fig.  2-6,  a  prototype  picosecond  demodulator 
was  built  using  a  vacuum  photodiode  and  a  reduced  height  waveguide.  The  vacuum 
photodiode  (ITT  FW1 14A,  see  Appendix  F),  shown  in  fig.  3-1,  has  planar  electrodes,  S- 
20  spectral  sensitivity,  and  is  enclosed  by  a  glass  envelope.  During  experimental 
operation  the  diode  bias  was  between  8  kV  and  10  kV. 
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Photocathode 


Fig.  3-1.  Phototube  geometry 


The  waveguide  is  a  reduced  height  TEoi  waveguide,  with  an  opening  to  hold  the 
phototube  (fig.  3-2).  The  prototype  waveguide  was  machined  from  aluminum  in  two 
pieces:  a  flat  front  plate  and  a  slotted  back.  The  front  and  back  faces  of  the  waveguide 
were  made  coplanar  with  the  photodiode  anode  and  cathode  respectively.  Together  the 
phototube  and  the  waveguide  form  a  rectangular  waveguide  structure  to  propagate 
microwaves  to  the  analyzer.  The  waveguide  is  terminated  at  one  end  by  an  movable 
aluminum  plunger.  The  position  of  the  plunger  may  be  adjusted  to  obtain  optimum 
microwave  transmission  from  the  open  end  of  the  waveguide.  The  complete  picosecond 
demodulator  design  is  shown  in  fig.  3-3. 
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Front 


Fig.  3-2.  Picosecond  demodulator  waveguide  design.  The 
circular  hole  was  milled  to  hold  the  phototube.  The  rectangular 
waveguide  was  milled  so  that  the  front  and  back  are  parallel  to 
the  phototube  electrodes. 


Cathode  Connection 


Fig.  3-3.  Phototube  and  waveguide  layout,  a)  Top  view  of 
device. 
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(b) 

Waveguide, 
internal  back  plane 


(c) 


Fig.  3-3.  Continued:  b)  Front  view  and  c)  side  view  of  picosecond 
demodulator. 
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The  phototube  anode  and  the  waveguide  are  connected  together  electrically  and 
brought  to  ground  through  a  resistor  (approx.  100K  ohms).  The  voltage  drop  across  the 
resistor  provides  an  easy  means  of  monitoring  the  phototube  current.  The  photocathode  is 
biased  by  an  adjustable  high  voltage  supply. 

In  actual  operation,  the  output  signal  from  the  phototube  and  waveguide  assembly  is 
the  microwave  spectrum  of  the  opucal  pulse  multiplied  by  the  frequency  response  of  the 
demodulator  (equation  2.37).  Three  experimental  approaches  have  been  used  to  measure 
the  microwave  spectrum.  First,  a  spectrum  analyzer  was  used  to  capture  and  measure 
the  microwave  spectrum.  The  second  approach  used  a  microwave  crystal  detector  to 
sample  a  narrow  band  of  the  microwave  spectrum.  Finally,  a  commercial  multiband  radar 
detector  was  used  to  sample  the  spectrum.  The  details  of  these  experiments  are  discussed 
below. 

3.2  General  Experimental  Layout 

The  general  experimental  setup  is  shown  in  fig.  3-4.  The  picosecond  laser  pulses 
for  this  work  were  generated  using  a  synchronously  pumped  picosecond  dye  laser.  The 
pulse  duration  of  this  type  of  laser  can  be  controlled  by  changing  the  pump  laser  mode 
lock  frequency  or  by  changing  the  length  of  the  dye  laser  cavity.  For  all  experiments 
described  here,  the  mode  lock  frequency  was  used  to  control  the  pulse  length.  The  actual 
pulses  were  monitored  using  a  commercial  autocorrelator.  Pulses  were  also  routed  to  the 
picosecond  demodulator  using  a  beam  splitter  or  removable  mirror.  This  design  allowed 
easy  comparison  between  the  output  of  the  autocorrelator  and  the  picosecond 
demodulator.  (A  detailed  description  of  the  laser  system  is  found  in  appendix  B.) 
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Instrumentation 


Fig.  3-4.  Experimental  layout  for  testing  the 
picosecond  demodulator  M,  mirror;  BS,  beam  splitter; 
PD.  picosecond  demodulator.  A,  autocorrelator. 


3.3  Experiment  1  -  Broadband  Spectrum  Measurement 

In  the  first  experiment,  the  output  of  the  picosecond  demodulator  was  coupled 
through  an  S-band  (2. 6-3.9  GHz)  horn  into  a  spectrum  analyzer.  The  laser  system  was 
tuned  for  minimum  pulse  width  of  approximately  30  picosecond.  The  analyzer  output  is 
shown  in  fig.  3-5.  Careful  measurement  indicates  that  the  spacing  between  the  indicated 
maxima  is  1.72  GHz;  the  spacing  between  adjacent  modes  is  approximately  82  MHz. 
The  measurable  microwave  spectrum  extended  from  2.54  GHz  to  8  GHz,  although 
beyond  6.1  GHz  much  of  the  signal  was  lost  in  the  noise  floor.  The  photocathode  was 
biased  at  8  kV. 
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Frequency 


5.3  GHz 


Fig.  3-5.  S-band  spectrum  from  picosecond  demodulator  The 
optical  pulse  width  was  30  pS  and  the  phototube  bias  was  8  kV. 


3.4  Experiment  2  -  Individual  Spectral  Component  Analysis 

The  second  experiment  used  the  same  spectrum  analyzer  setup,  however  the  S-band 
horn  was  replaced  by  an  X-band  (8.2-12.4  GHz)waveguide  to  coaxial  coupler.  In  this 
experiment  the  pulse  width  was  varied  by  changing  the  mode  lock  frequency  of  the  pump 
laser.  The  top  row  of  images  in  fig.  3-6  shows  the  autocorrelator  output  as  the  mode  lock 
frequency  (and,  hence,  the  pulse  width)  is  varied.  The  autocorrelator  was  driven  by 
48  mW  of  average  optical  power.  The  second  row  of  images  in  fig.  3-6,  shows  the 
spectrum  analyzer  output  of  a  single  frequency  component  (at  8.936  GHz)  of  the 
microwave  spectrum;  15  mW  of  average  optical  power  was  incident  on  the  phototube. 
The  phototube  bias  voltage  was  10  kV. 
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The  broadband  microwave  spectrum  passed  by  the  X-band  detector  mound  was 
found  to  extend  from  7  GHz  to  1 1.5  GHz,  although  many  of  the  lines  were  obscured  by 
noise.  The  detector  was  also  found  to  be  sensitive  to  microwaves  emitted  from  the  rear 
and  face  of  the  phototube. 

3.5  Experiment  3  -  Bandlimited  Crystal  Detector  Response 

In  place  of  the  spectrum  analyzer,  this  experiment  used  a  simple  crystal  detector 
(1N23)  mounted  in  an  X-band  waveguide  crystal  mount.  The  detector  output  was 
amplified  and  fed  to  an  oscilloscope.  In  this  configuration  the  detector  rectified  the  band 
limited  microwave  signal.  The  detector  output  was  averaged  by  the  low  pass  characteristic 
of  the  amplifier,  therefore  the  oscilloscope  display  was  proportional  to  the  microwave 
power  in  the  entire  X-band. 

The  results  of  this  experiment  are  shown  in  fig.  3-7.  As  in  the  last  experiment  the 
optical  pulse  width  was  varied  by  changing  the  pump  laser  mode  lock  frequency.  The 
upper  row  of  traces  in  fig.  3-7  shows  the  autocorrelator  output  as  the  mode  lock 
frequency  is  varied.  The  lower  row  of  traces  shows  th  .  amplified  detector  output.  (Note 
that  the  optical  signal  was  chopped  to  provide  a  zero  reference.)  The  phototube  was 
biased  at  10  kV  and  the  average  optical  power  incident  on  the  photocathode  was  7.5  mW. 
The  amplifier  provided  a  voltage  gain  of  1000  and  had  a  cutoff  above  300  Hz. 
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the  autocorrelator  signal,  15pS/div  horizontally,  relative  intensity 
vertically.  The  bottom  row  is  the  crystal  detector  output,  25ms/div 
horizontally,  relative  amplitude  vertically. 


3.6  Experiment  4  -  Multiband  Radar  Detector  Response 


In  the  last  experiment,  the  output  of  the  picosecond  demodulator  waveguide  was 
directed  at  an  automotive  radar  detector  (i.e.,  a  "fuzzbuster").  The  radar  detector 
monitored  microwave  bands  X  (8.2-12.4  GHz),  K  (18-26.5  GHz),  and  Ka  (26.5- 
40  GHz).  The  output  of  the  radar  detector  was  a  set  of  five  LEDs  indicating  relative 
detected  power  and  three  LEDs  indicating  the  band  with  maximum  signal.  Pressing  the 
reset  switch  caused  the  radar  detector  to  switch  bands. 

When  the  picosecond  demodulator  was  illuminated  by  10  pS  pulses  (average 
power,  12  mW),  the  radar  detector  indicated  microwave  reception  across  all  three  bands. 
When  the  detector  was  20  cm  from  the  picosecond  demodulator  output,  the  power  level 
for  the  X-band  was  greatest,  with  three  LEDs  illuminated.  The  K  and  Ka  bands  also 
showed  microwave  detection.  When  the  radar  detector  was  placed  directly  in  front  of  the 
picosecond  demodulator  output  slot,  all  five  power  level  LEDs  were  illuminated  for  all 
three  bands.  When  the  picosecond  demodulator  was  not  illuminated,  the  radar  detector 
registered  neither  K  nor  Ka  power  and  only  a  single  LED  worth  of  X-band  power. 

As  the  optical  pulse  width  was  lengthened,  the  radar  detector  indicated  a 
corresponding  drop  in  microwave  power.  Concurrent  with  the  increase  of  pulse  width, 
there  was  also  a  drop  in  the  average  laser  pulse  power.  Also,  there  appeared  to  be  a  slow 
drop  in  phototube  current  over  time.  This  drop  was  corrected  by  turning  off  the  high 
voltage  supply  for  several  minutes  and  then  restarting  the  measurement. 
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Chapter  4 


Discussion 

This  chapter  uses  the  theory  developed  in  chapter  two  to  analyze  the  results  reported 
in  chapter  three.  First,  the  individual  experiments  are  analyzed  and  the  results  are 
compared  to  the  theoretical  expectations.  The  overall  success  of  the  technique  of 
picosecond  demodulation  is  then  discussed  and  future  experiments  proposed. 

4.1  Experiment  1 

The  broadband  spectrum  obtained  in  the  First  experiment  yields  a  good  test  of  the 
microwave  spectral  rolloff.  Assuming  the  picosecond  pulse  has  a  gaussian  shape  in  time, 
the  the  frequency  spectra  of  the  pulse  will  also  be  gaussian.  In  the  frequency  band 
covered  by  the  S-band,  however,  the  frequency  response  will  be  approximately  constant. 
Therefore,  in  the  S-band  the  picosecond  demodulator  response  will  be  dominated  by  the 
impulse  response  of  the  waveguide.  For  the  S-band  system  described,  oo tr  is  much  larger 
than  one,  hence,  the  microwave  spectral  rolloff  due  to  the  waveguide  is  predicted  by 
equation  (2.33),  and  is  proportional  to 

(sin(cor_  +  <t))/cor.)2  ^  ^ 

where  tr  is  the  electron  transit  time,  4>  is  the  interaction  phase,  and  to  is  the  angular 
frequency  of  the  microwaves.  This  equation  will  have  maxima  when, 

(om fr  where  me  { 1,3,5,...  (4.2) 


48 


Therefore,  the  spacing  between  maxima  is  simply  (&r=K/tr  .  In  terms  of  linear  frequency, 
the  maxima  to  maxima  spacing  is/r=l/(2tr),  or  tr=\/(2fr).  Using  this  result,  and  the 
measurements  made  in  the  first  experiment,  the  electron  transit  time  is  found  to  be 
approximately  265  pS.  Based  on  an  experimental  phototube  bias  of  8  kV,  and  an  electron 
transit  distance  of  6.5  mm,  equation  (2.17)  yields  an  electron  transit  time  of  246  pS. 
Within  the  error  of  the  experimental  system  (e.g.,  high  voltage  supply  calibration, 
photocathode  geometry)  these  results  are  in  reasonable  agreement. 

Figure  4-1  shows  both  the  experimentally  obtained  spectrum  and  the  theoretically 
predicted  curve.  Again,  the  empirical  results  provide  a  reasonable  match  to  the  theory  that 
describes  the  rolloff  function  of  the  waveguide. 


2.5  GHz 


Frequency 


5.3  GHz 


Fig.  4-1.  S-band  results  and  theory  compared. 
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This  experiment  generally  validates  the  theoretical  analysis  of  the  transfer  of  energy 
from  the  photoelectrons  to  the  microwave  field.  The  deviation  of  the  experiment  results, 
however,  indicates  that  if  the  picosecond  demodulator  is  used  as  a  measurement  device, 
then  some  type  of  calibration  will  need  to  be  performed  to  compensate  for  variations  in 
phototubes  and  voltage  supplies.  The  deviations  also  indicate  that  the  theoretical 
waveguide  model  may  be  too  simple.  Because  the  picosecond  demodulator  waveguide  is 
closed  by  the  microwave  horn  and  the  tuning  stub,  a  rectangular  cavity  resonator  may  be 
a  better  system  model. 

4.2  Experiment  2 

The  most  general  result  of  experiment  two  is  that  at  high  microwave  frequencies 
there  is  a  strong  correlation  between  the  production  of  picosecond  laser  pulses  and  the 
intensity  of  individual  microwave  lines.  This  is  a  result  predicted  by  Fourier  theory 
because  as  pulses  get  shorter  in  time  there  must  be  a  corresponding  increase  in  the  width 
of  the  frequency  domain  spectrum,  and  hence  an  increase  in  the  intensity  of  the  high 
frequency  spectral  lines  (fig.  4-2).  Therefore,  the  generation  of  strong  high  frequency 
microwave  lines  may  be  used  as  a  diagnostic  of  a  picosecond  pulsed  laser  system.  This 
idea  is  verified  by  this  experiment,  because  we  found  that  for  day-to-day  alignment  and 
monitoring  of  the  picosecond  dye  laser,  the  prototype  picosecond  demodulator  gave  an 
accurate  indication  of  picosecond  pulse  production. 
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Time  Domain  Frequency  Domain 


narrow  pulse  wide  spectrum 


Fig.  4-2.  Pulse  width  versus  spectral  width. 

4.3  Experiment  3 

In  this  experiment,  the  crystal  detector  produces  an  output  that  is  proportional  to  the 
microwave  power  in  the  frequency  band  supported  by  the  crystal  mount.  Because  the 
detector  signal  is  averaged  by  the  response  of  the  oscilloscope  and  the  amplifier,  the 
signal  is  proportional  to  the  D.C.  component  of  the  rectified  microwave  frequencies. 
Therefore,  as  the  optical  pulse  width  decreases,  the  energy  in  the  higher  frequency 
microwave  bands  must  increase  and,  hence,  the  D.C.  level  of  the  rectified  signal  in  these 
bands  should  also  increase.  This  is  clearly  seen  in  the  results  from  this  experiment. 
Shown  in  fig.  3-7  there  is  a  strong  correlation  between  decreasing  optical  pulse  length 
and  increasing  power  contained  in  the  high  frequency  microwave  components  received  by 
the  X-band  crystal  mount. 


51 


Although  not  as  sensitive  as  the  spectrum  analyzer  used  in  the  second  experiment, 
the  crystal  detector  system  gave  enough  gain  to  be  useful  monitoring  the  production  of 
picosecond  laser  pulses.  This  experiment  also  shows  that  fairly  simple  equipment  yields 
a  good  laser  system  diagnostic. 

4.4  Experiment  4 

Although  the  measurements  are  crude,  experiment  four  demonstrates  a  commercial 
radar  detector  has  more  than  enough  sensitivity  to  be  used  as  a  multi-band  microwave 
detector.  The  major  drawback  with  the  commercial  device  was  the  meter  interface.  The 
LED  display  gave  poor  power  resolution  on  only  a  single  frequency  band.  A  better 
interface  would  have  three  separate  continuous  signals  corresponding  to  the  power 
received  in  each  band. 

The  gradual  decrease  in  phototube  current  noted  in  this  experiment  may  indicate  that 
either  the  high  voltage  supply  or  the  phototube  is  unstable.  Further  tests  must  be  run  to 
determine  if  the  voltage  drop  is  sensitive  to  the  amount  of  optical  power  incident  on  the 
photocathode. 

4.5  General  Analysis 

When  compared  to  using  an  autocorrelator  for  routine  laser  monitoring,  the 
picosecond  demodulator  has  several  advantages.  First,  the  picosecond  demodulator 
required  little  maintenance  or  alignment.  The  prototype  required  only  crude  (within 
0.5  cm)  alignment  of  the  optical  beam  on  the  phototube,  unlike  the  autocorrelator  which 
requires  total  optical  realignment  whenever  the  input  beam  position  is  changed  (e.g.,  due 
to  minor  changes  in  the  laser  mirror  positions).  The  crystal  detector  demodulator  used  in 
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experiment  three  is  also  a  relatively  inexpensive  device,  with  components  costing  less 
than  $2000.  This  is  comparable  to  the  cost  of  other  lab  instrumentation,  and  quite 
inexpensive  when  compared  to  the  cost  of  commercial  autocorrelators  or  streak  cameras. 
The  most  promising  design  is  that  of  experiment  four.  The  radar  detector  is  inexpensive 
(=$300)  and  provides  multi-band  reception  of  the  waveguide  output 

Also  unlike  the  autocorrelator,  the  efficiency  of  the  picosecond  demodulator 
increases  with  decreasing  wavelength.  This  is  because  at  shorter  spectral  wavelengths, 
the  process  of  photoemission  becomes  more  efficient  whereas  frequency  doubling 
becomes  less  efficient.  (Not  only  does  the  doubling  crystal  efficiency  drop,  but 
attenuation  at  the  doubled  frequency  by  the  detector  windows  also  reduces  the  efficiency 
of  the  overall  system.)  Therefore,  picosecond  demodulation  may  be  a  useful  technique 
for  analyzing  pulsed  lasers  operating  in  the  blue  and  near  ultraviolet 

Finally,  because  the  picosecond  demodulator  generally  requires  a  fraction  of  the 
laser  output  power  for  operation,  it  is  possible  to  simultaneously  run  experiments  and 
monitor  the  laser  performance.  This  is  especially  useful  for  experiments  where  the  laser 
may  not  have  enough  power  to  drive  simultaneously  a  conventional  measurement  device 
and  the  experimental  system. 

The  simple  picosecond  demodulator  used  in  this  work,  however,  has  some 
limitations.  First,  the  prototype  picosecond  demodulation  is  a  severely  limited  diagnostic 
of  the  laser  operation.  Experiments  one  through  three  sampled  at  single  frequency  bands, 
hence,  these  preliminary  devices  provide  only  simple  "go, no-go"  measurements.  A  more 
useful  tool  would  be  one  that  provides  an  estimate  of  the  pulse  width  and,  possibly,  an 
indication  of  the  pulse  shape.  To  produce  such  a  measurement  requires  the  sampling  of 
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the  microwave  spectrum  at  two  or  more  frequency  bands.  Experiment  four  moved  in  this 
direction,  but ,  because  of  the  crude  meter  output,  accurate  measurements  could  not  be 
made.  By  modifying  the  radar  detector  circuitry  it  should  be  possible  to  obtain  reasonable 
accurate  band  energy  measurements.  Then  either  the  data  could  be  fit  to  an  assumed 
spectral  shape  (and  hence  yield  pulse  width)  or  the  inverse  Fourier  transform  of  the  data 
could  be  taken  to  yield  both  pulse  shape  and  width. 

Also  unaddressed  is  the  problem  of  cancelling  the  microwave  system  response  and 
calculating  the  inverse  Fourier  transform  of  the  microwave  spectrum.  It  is  believed  that 
both  these  problems  are  best  solved  using  computer  software  to  calculate  the  inverse 
system  response  and  the  inverse  Fourier  transform.  To  determine  the  inverse  system 
response  requires  either  an  accurate  theoretical  model  of  the  system  or  accurate  system 
calibration.  The  latter  is  the  best  approach  to  accurately  account  for  individual  system 
variations.  By  measuring  the  impulse  response  of  the  system  (using  a  femtosecond 
pulsed  CPM  laser)  the  microwave  detectors  of  the  picosecond  demodulator  could  be 
accurately  calibrated  across  a  bandwidth  of  several  hundred  gigahertz.  Once  the 
calibration  information  is  obtained  it  is  a  simple  matter  to  program  a  computer  to  analyze 
the  data  from  real  measurements. 

Another  potential  limitation  of  picosecond  demodulation  is  its  ability  to  resolve 
picosecond  and  sub-picosecond  pulses.  A  one  picosecond  pulse  would  have  significant 
microwave  components  beyond  1000  GHz.  At  these  frequencies  however  the  attenuation 
of  the  picosecond  demodulator  (as  extrapolated  from  Fig.  2-9  and  equation  (2-33)  ) 
would  overwhelm  any  microwave  signal.  Therefore,  to  accurately  demodulate 
picosecond  pulses,  the  planar  phototube  must  be  replaced.  De  Lucia  [25,26]  has  shown 
that  slow  wave  structures  improve  the  waveguide  gain  by  a  factor  of  100.  The  work  by 
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Defonzo  et  al.  [30,31]  suggests  that  a  total  solid  state  picosecond  demodulator  is  possible 
and  would  have  a  response  to  a  few  terahertz.  Integrating  the  antenna  system  with  the 
microwave  filters  would  yield  an  efficient,  compact  device. 

The  results  from  these  experiments  demonstrate  that  the  principle  of  picosecond 
demodulation  can  be  used  to  analyze  ultrashort  optical  pulses.  Although  these 
experiments  demonstrate  some  limitations  in  the  prototype  apparatus,  accurate 
measurements  appear  possible  with  only  minor  system  refinements. 
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Chapter  5 


Conclusion 

It  has  been  30  years  since  Forrester  et  al.  [15]  demonstrated  that  optical  beats  could 
be  generated  in  the  microv  ave.  During  much  of  this  period,  most  research  concerning 
optical  beating  and  picosecond  demodulation  has  been  directed  at  development  of 
alternative  microwave  sources.  It  is  believed  that  the  work  discussed  in  this  paper  is  the 
first  application  of  picosecond  demodulation  for  monitoring  the  characteristics  of  optical 
pulse  trains. 

This  paper  has  developed  the  theory  of  picosecond  demodulation  and  demonstrated 
its  application  for  analyzing  the  microwave  spectrum  produced  by  picosecond  laser 
pulses.  In  addition,  the  prototype  demodulator  provides  a  proof  of  principle  that  the 
technique  of  picosecond  demodulation  may  be  used  to  determine  optical  pulse 
characteristics. 

As  discussed  in  the  previous  chapter,  pulse  measurement  by  picosecond 
demodulation  has  inherent  advantages  and  disadvantages.  However,  it  is  clear  that  the 
picosecond  demodulator  would  make  a  useful  supplement  to  the  conventional 
autocorrelator  for  monitoring  pulsed  lasers  systems.  The  prototype  device  demonstrates 
that  a  relatively  simple  instrument  can  be  used  to  monitor  laser  pulse  production.  Using  a 
modified  radar  detector,  work  is  in  progress  to  produce  a  calibrated  demodulator  for 
measuring  pulse  width.  Work  is  also  planned  to  develop  an  integrated  solid  state  device 
and  to  extend  the  number  of  frequency  bands  sampled. 
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Finally,  the  application  of  picosecond  demodulation  is  not  limited  to  just  the 
analysis  of  pulsed  lasers  outputs.  Picosecond  demodulation  can  be  used  to  analyze  any 
pulsed  optical  or  electron  beam  device.  One  potential  application  is  the  analysis  of  the 
operating  characteristics  of  a  free  electron  laser.  Free  electron  lasers  (FEL)  are  driven  by 
a  beam  of  bunched  electrons  whose  characteristics  determine  the  laser  output.  It  is 
desirable,  therefore,  to  be  able  to  monitor  the  electron  beam  without  interfering  with  its 
propagation.  Because  the  electron  bunches  are  typically  a  few  picosecond  longs 
(comparable  to  the  electron  bunches  generated  by  the  lasers  in  this  report),  the  technique 
of  picosecond  demodulation  should  be  useful  for  monitoring  the  electron  beam 
characteristics.  By  placing  a  picosecond  demodulator  between  the  alpha  magnet  of  the 
FEL  and  the  wiggler,  the  electron  beam  parameters  could  be  monitored  in  real  time.  This 
application  is  currently  being  developed. 
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Appendix  A 


Fourier  Transforms  of  Common  Envelope  Functions 

The  systems  analysis  approach  can  be  used  to  convert  real  time  domain  pulse 
shapes  to  their  frequency  domain  representations.  This  appendix  demonstrates  this 
approach  for  gaussian  and  hyperbolic  secant  envelopes. 

Gaussian  Envelope 

A  single  optical  pulse  with  a  gaussian  envelope  (fig.  A-l)  is  modelled  as, 

E(t)  =  g(t)coscoit  where  g(t)=exp(-t2/a2)  (A.l) 


J 


(A. 2) 


(A. 3) 


Fig.  A-2.  Profiles  of  Sech2(t)  and  Sech(t). 


G(o)  =  a Vn  exp(-a2co2/4) 

The  total  transform  of  the  original  function  is, 

E(co)  =  G((o)  ®  (  8(w+(o0)  +  8(to— co0) ) 
where  <S>  indicates  the  convolution  operation. 

Sech(t)  and  Sech2(t)  Envelopes 


Also  found  in  the  literature  are  pulses  with  sech2(t)  envelopes  (fig.  A-2).  The 
spectrum  of  these  pulses  can  be  found  by  first  considering  the  spectrum  of  a  sech(t) 
pulse.  Recognizing  that  sech(t)  has  only  real  Fourier  transform  components,  the  spectrum 
is  found  as, 

G(w)  =FT{sech(t)} 
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-£ 

< 


-  cos(cor) 


cosh(cor) 

“  cos(tor) 
cosh  (tot) 


dt 


dt 


G(  co)  =  jisech(co7t/2) 


(A. 3) 


Using  the  convolution  property  of  Fourier  transforms,  the  spectrum  of  sech2(t)  is  found 
to  be, 

FT[sech2(t)}  =  7t2[sech(coti/2)<8)sech(CD7t/2)] 

oo 

=  n2  | sech(jf7t/2)sech((j:  -  (&)%/2)dx 

(A. 4) 

where  <8>  denotes  the  convolution  operation.  Transforming  varibles  of  integration, 
u=ci)Jt/2,  yields. 


•o 

=  2tt  J  sech(w)sech(u-to— )du 


=  2n  J 


-du 


cosh(2u  -  a)  +  cosh(a) 

where  the  substitution  a=(OK/2  has  been  used.  Changing  variables  again,  yields, 

dv 


(A. 5) 


(A. 6) 


=  2k 


cosh(v)  +  cosh(a) 


(A. 7) 


where  2 u-a=v.  This  is  a  tabluated  integral,  solved  by, 


=  27X 


•y/cosh  2(a)-' 


f 


In 


L  v 


ex  +  cosh(o)  -  -\/cosh2(a) 
ex  +  cosh(a)  +  -\/cosh2(a) 
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Restoring  the  original  variables,  yields 


FT{sech2(r)} 


2ti20) 

sinh(co:t/2) 


(A. 8) 
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Appendix  B 


Experimental  Laser  Description 

The  work  covered  in  this  paper  used  a  synchronously  pumped  picosecond  dye 
laser.  The  pump  laser  was  an  actively  mode  locked  argon  ion  laser  (Spectra-Physics 
171).  The  laser  cavity  beam  was  mode  locked  using  an  acousto-optical  Bragg  defraction 
modulator  (Spectra-Physics  342)  to  produce  200  pS  wide  optical  pulses  every  12.5  nS. 
These  pulses  pumped  the  dye  laser  gain  media. 

The  dye  laser  (Spectra-Physics  375)  used  in  this  experiment  used  a  three  mirror 
folded  cavity,  extended  to  match  the  length  of  the  pump  laser.  In  the  steady  state  the 
output  of  the  dye  laser  produced  pulses  of  approximately  15  ps  every  12.5  nS  (i.e.,  the 
period  between  pulses  equals  the  mode  lock  period).  Because  the  pulse  is  a  travelling 
through  a  cavity  that  supports  a  standing  wave,  the  relative  phase  difference  of  the  optical 
carrier  from  pulse  to  pulse  is  zero.  As  a  result  the  pulses  emitted  from  the  dye  laser  will 
have  a  high  degree  of  pulse  to  pulse  coherence. 

The  dye  laser's  wavelength  of  operation  was  selected  by  an  adjustable  tuning  wedge 
in  the  dye  laser  cavity.  The  effect  of  the  wedge  is  to  limit  the  number  of  modes  supported 
under  the  gain  curve  of  the  dye  to  a  narrow  band  (fig.  B-l).  The  dye  laser  used  in  this 
work  had  a  typical  line  width  of  .3  nm. 
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Fig.  B-l.  Laser  mode  selection  by  tuning  wedge. 
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Appendix  C 


Work  Function  Effects  on  Electron  Bunch  Spreading 


The  second  chapter  discussed  the  generation  and  motion  of  electrons  within  the 
phototube.  This  discussion  assumed  that  the  electrons  released  from  photocathode  had  no 
initial  momentum.  Einstein's  photoelectric  equation  states  [34],  however,  that  the  released 
electron  will  have  an  energy,  K,  equal  to  the  difference  between  the  work  function  of  the 
cathode,  p,  and  the  energy,  h  v,  of  the  photon, 

K=/iv-p.  (C.l) 


Because  of  statistical  variations  in  both  the  momentum  of  the  electron  before  emission,  and 
the  penetration  depth  of  the  photon,  the  electrons  emitted  by  the  cathode  will  have  a  small 
variation  in  initial  energies.  Therefore,  some  electrons  will  travel  faster  and  some  will 
travel  slower,  the  result  being  a  spreading  of  the  electron  bunch. 


This  spreading  can  be  calculated  by  solving  the  equations  of  motion  for  an  electron 
(section  2.3.2)  this  time  assuming  an  initial  velocity,  v/,  at  the  cathode: 

p  _  d(mv)  _  Y<Lq 
dt  b 


••  v  =  -f~qt  +  v, 
bm 


2 

:.x  =  — v-qr  +  v.t 
2  bm  1 
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where  m  is  the  electron  mass,  q  is  the  electron  charge,  Vq  is  the  accelerating  potential,  vj 
is  the  initial  velocity  of  an  electron,  and  b  is  the  gap  width.  The  complete  transit  time 
equation  is  now  quadratic, 


0  = 


M 

2  bm  ' 


+  V, 


b 


and  this  equation  is  solved  by, 
bm 


t.  =• 


V0q 

b 


2  2  V0q 

v,  +  — —  -  v, 


m 


=  — — (V"J2vi2  +  2 V0qm  -  mv,) 


(C.2) 


Recognizing  that  the  initial  kinetic  energy  of  the  electron  is  defined  by, 
K  =  -mv,2 


(C.3) 


then  (C.2)  can  be  rewritten  in  terms  of  K  as, 

L. 

tr  = - ^2Km  +  2V0qm  —  V2  Km} 

Vod 


(C.4) 


The  variation  in  electron  transit  time,  Atr,  due  to  the  variation  in  initial  energy,  AK, 
of  the  emitted  electrons  is  now  found  by  taking  the  first  derivative  of  (C.4), 

A tr  =  y-{m(2Km  +  2 V0qm)~v2  -  m(2^m)'V2}AA' 


(C.5) 


As  an  example,  the  S-20  photocathode  (CsNaKSb  surface)  used  in  this  project  has  a 
work  function  of  approximately  1.5  eV  [43].  At  the  optical  wavelength  of  600  nm 
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(=2  eV),  the  electrons  may  have  an  initial  kinetic  energy  from  0  to  0.5  eV.  Assuming  the 
following  experimental  values, 
q  =  1.6*10*19C 
m  =9.1*10'31kg 
Vo =10kV 
b  =6*10"3m 

equation  (C.5)  can  now  be  evaluated  for  an  average  initial  energy,  K= 0,  and  an  energy 
spread  AK=Q.5  eV=.8*10"19  joules, 

A  tr  =^(2V0qmy'/2AK 

-  5*10-15  seconds 
=  5  fs 

From  chapter  four  the  transit  time  was  found  to  be  approximately  265  picoseconds. 
Therefore,  for  the  experiments  discussed  in  this  paper,  initial  energies  at  the  photocathode 
produce  negligible  electron  bunch  spreading. 
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Appendix  D 


Space  charge  spreading  calculation 

By  making  reasonable  approximations  it  is  possible  to  show  that  space  charge 
spreading  has  negligible  effect  on  the  electron  bunches  in  the  phototube  of  the  picosecond 
demodulator.  This  analysis  starts  by  finding  the  charge  in  each  bunch.  A  reasonable 
geometry  for  the  charge  distribution  is  then  assumed  allowing  the  use  of  Gauss'  Law  to 
determine  the  electric  field  produced  by  the  charge  bunches.  The  position  of  maximum 
field  strength  is  then  determined  and  this  value  is  used  to  calculate  the  force  and  motion  of 
a  test  charge.  Finally,  the  equations  of  motion  are  used  to  determine  the  bunch 
deformation. 

The  amount  of  charge  in  bunch  is  found  by  measuring  the  average  phototube 
current,  calculating  the  average  charge  per  unit  time,  and  dividing  this  into  the  number  of 
bunches  per  unit  time.  Therefore,  each  bunch  contains  a  total  charge,  q, 

q=Q/n=It/n  (D.l) 

where  Q  is  the  average  charge  in  the  stream  of  bunches,  I  is  the  average  photocurrent,  n  is 
the  number  of  bunches  in  a  time  period  t.  Using  data  from  experiment  four,  the  charge 
per  bunch  is 

7=0.02  mA  /=1  second  /z=82*  106  bunches/second 

<7=0.25*  10' 12  Coulomb  per  bunch 
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The  laser  pulses  have  a  time  profile  that  is  approximately  gaussian  in  shape.  At  the 
photocathode,  the  time  profile  of  the  optical  pulse  is  converted  into  an  electron  hunch  with 
corresponding  spatial  profile.  Therefore,  the  electron  bunches  will  have  a  spatial  profile 
along  one  axis  that  is  approximately  gaussian  in  shape, 

q(x)~bexp(-x2/a2).  (D.2) 

The  value  for  a  is  found  by  knowing  x,  the  full  width  at  half  maximum  (FWHM)  of 
the  optical  pulse.  For  an  optical  pulse  width  of  15  pS,  a  is  approximately  2.7  mm. 

Along  the  orthogonal  axes,  the  bunch  profile  is  defined  by  the  spatial  profile  of  the 
laser.  This  profile  is  also  gaussian,  with  a  full  width  at  half  maximum  (FWHM)  of 
approximately  3  mm.  Because  the  geometries  are  similar,  the  analysis  is  simplified  by 
assuming  a  spherically  symmetric  gaussian  profile  for  the  charge  density  function.  q(r), 
describing  the  electron  bunch  , 

q(r)~  exp(-r2/a2)  (D.3) 

Integrating  (D.3)  over  the  entire  volume  of  the  charge  bunch  must  yield  the  total 
charge  in  the  pulse,  therefore  b  is  found  as, 

.  _ _ q _ _ g _ 

°  ~  -  o  3/2  3 

4 7t  JVexp(-r2  /  a2  )dr 

r=0  (D.4) 


Using  the  values  for  a  and  q,  b  is  found  to  be  approximately  0.2*  10'7C/m3. 

The  electric  field  produced  by  the  charge  bunch  can  be  found  using  Gauss'  Law, 

<p  D  ■  da  =  I  p  dv 

Ja  (D.5) 
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which  in  spherical  coordinates  yields, 


4nr2eE(r)  =  jvpvdv 


(D.6) 


Substituting  the  assumed  charge  distribution  function,  the  electric  field  is 
E(r)  =  — j  | r'2  exp(-r'2  /  a2  )dr' 


r'-0 


(D.7) 


The  position  of  maximum  field  is  found  when  the  first  derivative  of  (D.7)  equals  zero. 
Performing  this  calculation,  Emax  occurs  when  n=a.  At  this  position  the  charges  will  feel 
the  greatest  force  from  the  electric  field  produced  by  the  space  charge  density.  Calculated 
numerically,  the  electric  field  at  r-a  is, 


E(r  =  a)  =  200^ 


(D.8) 


Assuming  the  charge  distribution  is  initially  fixed,  the  motion  of  an  individual 
charge  can  be  found  by  solving  the  equation  of  motion. 


at  d2x  r 


(D.9) 


where  m  is  the  rest  mass  of  the  electron.  Solving  (D.9)  for  x  yields, 
Eqt 2 


x(t)  = 


2m 


(D.10) 


From  the  transit  time  calculation  in  chapter  four,  the  electron  bunches  exist  for 
approximately  300  ps.  Using  this  value  for  r,  and  inserting  the  calculated  value  of  the 
maximum  electric  field  for  £,  space  charge  effects  produce  a  maximum  displacement 
change  of  approximately  10'7  meters.  Because  this  change  in  pulse  shape  is  much 
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smaller  than  the  overall  pulse  size  (~  3*1 0-^  m),  space  charge  effects  at  the  low  currents 
used  in  this  research  can  be  considered  negligible. 
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Appendix  E 


This  section 
experiments. 

Pump  Laser  : 

Dye  Laser : 

Autocorrelator: 

Phototube: 
Spectrum  Analyzer: 
Crystal  Detector: 
Radar  Detector. 


Experimental  Equipment  List 

lists  the  equipment  used  in  this  research  and  the  associated 

Spectra  Physics  171  Argon  Ion  Laser  with  a  Spectra  Physics  452 
Mode  Lock  Driver  running  single  line  at  514  nm.  Mode  lock 
frequency,  =  40.9545  MHz;  mode  locked  laser  output  power  * 
0.7W. 

Spectra  Physics  375  with  extended  cavity,  Rhodamine  6G  running 
at  595  nm. 

Spectra  Physics  409. 

ITT  FW  1 14A,  biased  at  10  kV. 

HP  8555A  RF,  HP  8552B  IF,  HP  8445B  Preselector 

Sylvania  1N23 

Bel  Vector  3  Radar  Detector,  manufactured  by  Bel-tronics,  20 
Centre  Drive,  Orchard  Park,  NY,  14127. 
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Appendix  F 


ITT  114A  Specifications 


FW114A 

I'd?  j 


BIPLANAR  PHOTOTUBE 


GENERAL  DESCRIPTION 


•  Fast  Picosecond 

Response 

•  Bipianar  Geometry 

•  Ultra-linear 


The  FW114A  is  a  2  V*- inch  diameter  high  vacuum 
photodiode  with  an  opaque  photocathode  having  an  S-20  type 
spectral  response.  (See  Note  7.)  Visible  light  transmuting  glass  ts 
used  for  the  entrance  window.  The  FW114A  was  developed  by 
ITT  specificaily  for  laser  detecuoo  applications  such  ss  the 
investigation  of  fundamental  laser  properties,  laser 
cotnmuiucaDons  systems,  and  laser  radar  systems. 


•  Wide  dynamic  range 

•  Calibration  Standard 

Dependability 

•  Damage  Resistant 

Long-Life 

•  Brand  Spectral  Response 

•  Low  Impedance 

Photocathode 

•  Coaxial  Output 


The  plane  parallel  (bipianar)  and  coaxial  electrode 
geometry  combined  with  high  voltage  ratings,  low  dark  current, 
and  red  response  extending  beyond  7000X  make  the  FWU4A 
particularly  valuable  for  the  detection  and  monitoring  of  high 
energy  polled  ruby  laser  radian  on.  Linear  output  currents 
exceeding  5  amperes  can  be  delivered  to  a  terminated  coaxial 
cable  with  a  nse  time  of  less  than  5  x  10*10  seconds.  The  radiant 
energy  spectrum  of  the  laser  generator  can  be  examined  in  detail 
over  a  minimum  of  9  orders  of  magnitude  m  in (e nary  within  the 
pgacyde  frequency  range. 

The  FW114A  a  one  of  a  family  of  bipUnar  phototubes 
available  from  ITT.  Three  other  bipianar  type  photodiodes  are 
the  2&-tnch  diameter  FWU4.  the  Dk-inch  diameter  FW 1 28,  and 
the  5-inch  diameter  FW  1 27 .  Information  on  several  other  types 
under  development  is  available  on  request. 


R«v.  10-75  ELECTRO-OPTICAL  PRODUCTS  DIVISION 


ITT 
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FW114A 


FWl  14A  TENTATIVE  DATA 


l‘*35'  f 


Over-all  length  . 

Over-all  diaipctn . 

Weight . 

Fboiocatbode  to  node  ifcat . 

Effective  pbotoautode  dancte . 

Effective  phot  oca  th  ode  ere* . 

Window  diameter  . 

Anode  merit  (Note  1) . 

Anode  merit  tnnamiasma  . 

Resistance  of  anode  merit  . 

Operating  voltage . 

Photocalbode  spectral  response  (Note  7)  ...  . 
Photocathode  luminous  sensitivity  (Note  2).  ■ 

Photocathode  peak  radiant  sensttivtry  (Note  3) 
Maui  mum  peak  current  output  (Note  4)  .  .  .  , 
Maximum  average  current  output  (Note  5)  .  . 
Deviation  from  Linearity  (Notes  4  A  6)  ...  . 
Dark  current  (Note  4)  . 

lnteretecnode  capacitance . 

Roe  time . 


47. 5  mm  (1.870  bl)  max 
58  0  mm  (2.284  m.  I  max 
63.79  *  (2.25  ox) 

6.4  mm  (0.250  m.1  aotnmaJ 

44.5  mm  (1.75  m.1  —1 

15.5  cm7  (2.4  sq.  m.)  nominal 

44.5  mm  (1.75  in.) 

20  openmiB/25.4  mm  ( 1  m.) 

80  percent,  typical 
0.5(>  per  square,  typical 

2.5  LtV,  typical 
S-20 

80  VI  A/lm.  typical 
50  UA/lm,  min. 

0.034  A(W,  typaal 
5  A 

100  U  A 

± 10  percent,  max. 

2.5  x  10-10  A.  typical 
5  X  ID’  mar 

7  pF.  typical 
5  x  10-10arc,max. 


NOTES: 


oiucasioat  IS  an  tnl 

BIPLANAR  TYPE  PHOTOTUBE  FV114A 


1.  Electro  formed  nickel. 

Z  2870  degrees  K  color  temperature  tungsten  radiation 
incident  on  faceplate  Two-hundred  volts  anode  potential 

3.  Calculated  from  the  approximate  relationship:  peak  radiant 
sensitivity  m  am  pens  per  watt  equals  4J  x  10“*  times  the 
luminous  sensitivity  m  microamperes  per  lumen,  this 
relationship  being  derived  from  a  typical  S-20  spectre] 
is  spoon  peaking  at  4200  X  - 

*  At  Z5  kV. 

5.  Output  current  sveraged  over  a  1-second  tunc  interval  and 
uniformly  distributed  over  the  photocathode.  For  lower 
operating  voltages  the  pernumble  output  current  will  be 
reduced  according  to  the  usual  three  halves  power  law  of 
applied  voltage. 

6.  Deviation  from  direct  proportionality  between  current 
output  and  faght  Dux  input  uniformly  distributed  over  the 
photocathode. 

7.  The  S-20  designs  non  is  for  a  multi-alkali  pbototurface  on  a 
translucent  gins  substrate.  The  FWl  14A  pboiocatbode  is 
formed  oc  an  opaque  meal  substrate  Therefore,  there  may 
be  a  departure  from  the  typical  S-20  spectral  responee 
curve. 


Rev.  10-75  electro-optical  products  division  Trnm 

3700  E.  Pontiac  St..  Fort  Wayne.  Ind.  46803  111 
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